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The  effects  of  a magnetic  field  on  nuclear  spin 
3 

ordering  in  solid  He  have  been  observed  through  the  in- 
fluence of  the  field  on  the  solid  entropy.  By  making  use 
of  the  Cl aus i us-Cl apey ron  equation  the  He  melting  tempera- 
ture as  a function  of  pressure  was  determined  in  several 
magnetic  fields  from  0 to  1.2  T from  measurements  of  the 
latent  heat  of  solidification  in  a Pomeranchuck  cell.  The 
solid  entropy  as  a function  of  temperature  was  then  calcu- 
lated from  the  melting  curve  slope  in  each  field  by  again 
utilizing  the  Clausius-Clapeyron  equation.  The  solid  or- 
dering ma n i f es ted  i tse 1 f as  a substantial  reduction  in  en- 
tropy occurring  over  a narrow  temperature  interval.  A 
portion  of  the  magnetic  phase  diagram  of  solid  ^He  was  es- 
tablished by  plotting  the  ordering  temperature  versus  field. 

In  low  fields  the  reduction  in  entropy  occurs  over 
a very  narrow  temperature  interval,  and  the  ordering 


temperature  is  depressed  by  the  field.  Above  about  0.41  T, 
however,  the  ordering  region  is  broadened  and  moves  to  sig- 
nificantly higher  temperatures  with  increasing  fields.  The 
ordering  in  low  fields  is  tentatively  interpreted  as  a mag- 
netic phase  transition  from  the  paramagnetic  to  an  anti  fer- 
romagnetic or  spin-flop  phase,  while  the  effect  in  higher 
fields  is  believed  to  represent  paramagnetic  ordering  of 
the  nuclear  spins  by  the  applied  field. 
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CHAPTER  I 


INTRODUCTION 
Introductory  Remarks 
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The  He  nucleus  contains  an  odd  number  of  nucleons 
and  thus  has  a nonzero  magnetic  moment  or  nuclear  spin. 
Nuclear  spin  ordering  in  solid  He  has  been  one  of  the  out- 
standing problems  in  low  temperature  physics  for  many  years. 
At  a sufficiently  low  temperature  T,  the  thermal  energy  kT 
(k  is  the  Boltzmann  constant),  which  tends  to  randomize  the 
orientations  of  the  nuclear  spins,  becomes  comparable  to  the 
spin-spin  interaction  energy,  and  the  spins  are  expected  to 
order.  As  early  as  1950  Pomeranchuc k (1950)  predicted,  on 
the  basis  of  the  dipole-dipole  interaction,  that  ordering 
should  occur  near  10"^  K. 

This  early  analysis,  however,  did  not  take  into  ac- 
count the  effective  exchange  interaction  among  the  spins. 

Because  of  the  small  atomic  mass  and  weak  interatomic  force 
3 

solid  He  has  an  unusually  large  zero-point  energy — the 
average  excursion  of  a ^He  nucleus  about  its  lattice  site 
at  absolute  zero  is  about  30  percent  of  the  lattice  spacing. 
Thus  there  is  a relatively  large  overlap  of  the  atomic  wave 
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functions  of  neighboring  atoms  leading  to  the  possibility  of 
two  atoms  exchanging  places  in  the  lattice.  Since  ^He  is  a 
Fermion  it  is  subject  to  the  Paul  i excl usi on  principle,  and 
the  exchange  of  atoms  leads  to  an  effective  spin-spin  inter- 
action. Bernardes  and  Primakoff  (1959)  showed  that  this 
exchange  interaction  was  many  times  largerthan  the  dipole- 
dipole  interaction  and  predicted  that  ordering  should  occur 
near  0.1  K.  Subsequent  calculations  and  experiments  indi- 
cated a considerably  lower  value. 

By  1970  it  was  thought  that  solid  ^He  was  well  under- 
stood. All  existing  experiments  could  be  interpreted  consis- 
tently within  the  Heisenberg  nearest-nei ghbor  (HNN)  model 
which  seemed  to  indicate  that  an  anti ferromagneti c ordering 
of  the  nuclear  spins  should  occur  at  2.0  mK  for  solid  at  the 
melting  pressure  (see,  for  example,  Tri ckey  £t  al.  , 1 972). 

In  1971,  however,  high  field  pressure  measurements 
on  solid  He  by  Kirk  and  Adams  (1971,  1974)  yielded  results 
which  were  about  a factor  of  two  smaller  than  predicted  by 
the  theory.  This  was  the  first  of  several  experiments  to 
show  an  inconsistency  with  the  HNN  model.  One  of  the  most 
recent  is  that  of  Halperin  ^ . (1974)  who  observed  the 

ordering  of  the  solid  on  the  melting  curve  at  a temperature 
almost  a factor  of  two  lower  than  had  been  predicted. 

A number  of  theoretical  papers  followed  the  Kirk- 
Adams  experiment  attempting  to  resolve  the  discrepancy  with 
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the  Heisenberg  model  by  including  the  effects  of  higher- 
order  exchange  processes.  There  is  presently,  however,  no 
single  theoretical  model  consistent  with  all  the  existing 

■3 

experimental  data  on  solid  He. 

The  work  reported  in  this  dissertation  was  under- 
taken in  order  to  provide  additional  information  on  the 

, , O 

magnetic  properties  of  solid  He  at  very  low  temperatures. 
The  effects  of  a magnetic  field  on  nuclear  spin  ordering  in 
the  solid  have  been  observed  through  the  influence  of  the 
field  on  the  solid  entropy.  By  making  use  of  the  Clausius- 
Clapeyron  equation  the  He  melting  temperature  as  a func- 
tion of  pressure  was  determined  in  several  magnetic  fields 
from  0 to  1.2  T from  measurements  of  the  latent  heat  of 
solidification  in  a Pomeranchuck  cell.  The  solid  entropy 
as  a function  of  temperature  was  then  calculated  from  the 
melting  curve  slope  in  each  field  by  again  utilizing  the 
C 1 aus i us - C 1 a pey ron  equation.  The  solid  ordering  manifested 
itself  as  a substantial  reduction  in  entropy  occurri ng  over 
a narrow  temperature  interval.  A portion  of  the  magnetic 
phase  diagram  of  solid  ^He  was  es tabl i s hed  by  plotting  the 
ordering  temperature  versus  field.  Preliminary  reports  of 
this  work  have  been  made  by  Kummer  e±  aj[.  ( 1 975a,  1 975b, 
1975c). 
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Before  "The  Late  Unpleasantness 


In  order  to  understand  the  current  theories  of  ex- 
change and  the  significance  of  the  present  work,  it  is  use- 
ful to  review  the  theory  and  some  of  the  experiments  which 
existed  before  what  A.  K.  McMahan  has  called  "the  late  un- 
pleasantness" (McMahan,  1974)— that  is,  before  the  Kirk- 
Adams  and  other  recent  experiments. 

General  Hami 1 1 o n i a n 


sum  of  terms  arising  from  the  lattice  (H^),  the  exchange 
interaction  (H^),  and  the  Zeeman  energy  in  a magnetic 
field  ( H ^ ) : 


The  energy  scale  for  lattice  dynamical  excitations  is  the 
Debye  temperature,  0p  = 20  K,  while  that  for  exchange  is  on 
the  order  of  1 mK.  In  the  temperature  region  of  interest, 
therefore,  we  are  concerned  only  with  the  spin  Hamiltonian, 


In  order  to  proceed  further  some  specific  form  for 
must  be  chosen-.  To  attempt  to  solve  the  exact  many-body 
Hamiltonian  is  a formidable  task.  It  is  therefore  expedient 


The  Hamiltonian  for  solid  He  may  be  written  as  a 


H = H^  + H^  + H^  . 


(1.1) 


(1.2) 
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to  devise  a model  Hamiltonian  with  known  eigenfunctions. 
This  model  Hamiltonian  should  contain  parameters  which  may 
be  adjusted  to  yield  the  correct  observable  properties  of 
the  real  system  as  determined  by  experiment  or  from  some 
more  elaborate  theory.  The  model  usually  chosen  to  treat 
exchange  in  solid  He  is  the  Heisenberg  Hamiltonian: 


'x  = ^H 


- 2 Z 

1 <j 


(1.3) 


where  I.  and  1^.  are  the  nuclear  spin  operators  for  ^He  atoms 
i and  j,  respectively,  and  is  the  energy  associated  with 

the  exchange  of  particles  i and  j.  The  summation  is  over 
all  pairs  in  the  crystal  of  N atoms.  This  choice  for  the 
Hamiltonian  is  appealing  because  the  nuclear  spin  operators 
and  Ij  may  be  regarded  as  classical  spin  vectors.  Thus 
the  energy  of  a pair  is  minimized  by  parallel  spin  alignment 
^ 0)  for  > 0 and  by  antiparallel  alignment 
(Ii*Ij  < 0)  for  < 0.  Whether  we  are  justified  in  using 
this  or  any  other  model  Hamiltonian  for  solid  ^He  must  be 
decided  by  comparing  the  behavior  predicted  by  the  model 
with  that  observed  for  the  real  system. 


Heisenberg  Nearest-Neighbor  Model 

It  is  expected  intuitively  that  the  probability  of 
exchange  will  be  greatest  for  nearest-neighbor  pairs.  It 
is  plausible,  then,  that  as  a first  approximation  we  may 
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replace  the  sum  over  all  pairs  in  equation  (1.3)  by  a sum 

over  nearest-nei ghbor  pairs  only.  If  we  make  the  further 

reasonable  assumption  that  the  exchange  energies  J..  for 

^ J 

all  nearest-neighbor  pairs  are  equal,  we  obtain  the 
Heinsenberg  nearest-neighbor  (HNN)  Hamiltonian: 

(nn)-v  ^ 

2J  I I-l.  , (1.4) 

i < j 

where  J is  the  nearest-neighbor  pair  exchange  energy.  In 
an  external  magnetic  field  B we  must  add  the  Zeeman  term: 

= - Z J -B  , (1.5) 

i 

where  \i.  is  the  magnetic  moment  of  the  i—  ^He  atom. 

Once  the  Hamiltonian  is  known,  expressions  for  the 
various  thermodynamic  properties  are  obtained  by  taking  the 
appropriate  derivatives  of  the  partition  function  Z = 
Tr{exp-H/kT}.  Evaluation  of  the  partition  function  is  a 
difficult  mathematical  problem  and  is  usually  handled  (for 
the  range  of  interest  here)  by  making  a high  temperature 
expansion  of  the  exponential.  The  resulting  expression  is 
valid  in  the  limit  T >>  J/k  and  T >>  pB/k.  Expressions  are 
given  below  for  several  the rmodynami c properties  in  the 
high  temperature  limit.  These  are  obtained  from  the  series 
expansions  of  Baker  ^ (1967)  based  on  the  HNN  model. 

The  molar  entropy  is  given  by 
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s = k(9TlnZ/3T)j^g 

= R[ln2  - (3/2)(J/kT)^  + ...  + 0/2){pB/kT)2  + ...]  , (1.6) 

where  R is  the  gas  constant.  From  the  entropy  one  may  ob- 
tain the  specific  heat  at  constant  volume: 

Cy  = T(3s/3T)j^g 

= R[3(J/kT)^  + ...  + (pB/kT)^  + ...]  . (1.7) 

The  magnetic  susceptibility  is  given  by 

X = (kT/V) (3^1nZ/3B^)j  ^ 

= (Np^/VkT)[l  + 4(J/kT)  +...],  (1.8) 

where  N is  the  number  of  spins  in  the  volume  V.  This  ex- 
pression may  be  approximated  by  the  familiar  Curie-Weiss 
1 aw , 

X = C/(T  - 0)  , (1.9) 

2 

where  C = Ny  /Vk  is  the  Curie  constant  and 

0 = 4J/k  (1.10) 

is  the  Weiss  constant.  The  thermodynamic  pressure  at  con- 
stant volume  is  given  by 

P^{T,H)  = kT(3lnZ/3V)-p  g 
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= Pq  + (RT/V)(3ln  |J  |/8lnV)[3(J/kT)^  + ... 

+ 2(J/kT)(,pB/kT)2  + ...]  , (1.11) 

where  is  a constant. 

Experimental  Determination  of  J 

In  principle,  accurate  measurements  of  any  of  the- 
above  quantities  could  be  used  to  determine  J.  It  should 
be  noted,  however,  that  each  quantity  depends  inversely  on 
some  power  of  T.  Thus  experiments  must  be  carried  out  at 
temperatures  sufficiently  low  that  the  exchange  contribu- 
tion is  significant  (but  still  in  the  region  where  the  high 
temperature  expansions  are  valid). 

Although  historically  the  first  determinations  of  J 
were  made  from  NMR  studies  of  relaxation  times  (see,  for 
example,  the  review  by  Meyer,  1968)  these  measurements  were 
subject  to  rather  large  uncertainties  in  i nterpretati on  and 
will  not  be  discussed  here.  The  first  reliable  determina- 
tions of  the  magnitude  of  J came  from  zero-field  pressure 
measurements  ( Panczy k £t  aj_.  , 1967,  1 969).  From  equation 
(1.11)  with  B = 0 we  see  that  a plot  of  P versus  1/T  should 
yield  a straight  line  with  the  slope  determined  by  |J|. 
Because  of  the  3ln|j|/3lnV  term,  measurements  must  be  made 
at  several  molar  volumes,  and  J(v)  must  be  determined  self- 
cons  i stently  . The  results  of  Panczyk  ^ for  , several 
molar  volumes  are  shown  in  Fig.  1,  where  AP  = P (T)  - P 

V 0 
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The  agreement  of  the  data  with  the  form  predicted  by  equa- 
tion (1.11)  is  exceptionally  good. 

The  first  experiments  to  yield  the  sign  of  J were 
magnetic  susceptibility  measurements.  The  sign  of  J is 
important  because  it  determines  the  kind  of  ordering,  with 
J > 0 implying  ferromagnetic  ordering  and  J < 0 implying 
anti ferromagneti c ordering.  The  susceptibility  measurements 
of  Kirk  ^ (1969)  are  the  most  extensive,  and  their 

results  are  shown  in  Fig.  2.  The  data  are  consistent  with 
the  Curie-Weiss  law  (equation  1.9)  and  indicate  a negative 
value  of  0,  and  thus  a negative  value  of  J,  for  each  molar 
volume. 

The  values  of  J(v)  obtained  by  these  two  methods  are 
compared  in  Fig.  3.  The  agreement  is  quite  good,  with  the 
pressure  data  yielding  the  most  accurate  values.  The  ra- 
ther  strong  molar  volume  dependence  (J  v ),  as  seen  in 
the  figure,  arises  from  the  fact  that  as  the  molar  volume 
is  decreased  the  atoms  become  more  closely  packed,  and  thus 
it  is  more  difficult  for  two  atoms  to  move  around  one  an- 
other without  "bumping  into"  the  hard  cores  of  neighboring 
atoms.  Therefore,  the  probability  of  exchange  becomes 
smaller,  and  J decreases. 

Departing,  for  the  moment,  from  the  chronological 
order  of  experiments,  we  will  mention  briefly  the  recent 
specific  heat  measurements  of  Castles  and  Adams  (1973, 

1975).  These  authors  have  reported  the  first  measurements 
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1.  Zero-Field  Pressure  Measurements.  Pressure  differ- 
ence  aP  L=  Pv(T)  - PqJ  versus  T-^  for  various  molar 
volumes.  For  v = 24.02  cm^/mole  the  high  tempera- 
ture phonon  contribution  is  shown;  for  the  other 
volumes  only  the  exchange  contribution  is  shown. 
(Note:  1 atm  = 101.3  kPa. ) (After  Panczyk  and 

Adams , 1 969. ) 


24.0CC/M0LE 
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2.  Susceptibility  Measurements.  Inverse  susceptibility  versus  tempera- 
ture for  various  molar  volumes.  (After  Kirk  £t  al.,  1 969.) 


-J/k  CmK] 
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Fig.  3.  Exchange  Energy  versus  Molar  Volume. 

Comparison  of  values  obtained  from  susceptibility 
measurements  of  Kirk  et  (1969)  and  pressure 
measurements  of  Panczyk  and  Adams  (1969). 

(After  Kirk  ^ , 1 969.) 
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of  the  specific  heat  of  solid  He  at  temperatures  low 
enough  (down  to  25  mK)  to  see  the  (J/kT)  term  of  equation 
(1.7).  The  values  of  J obtained  from  this  experiment  are 
in  good  agreement  with  those  obtained  by  the  previously 
described  methods. 

This  summarizes  the  state  of  affairs  which  existed 

(with  the  exception  of  the  Castles  and  Adams  experiment) 

prior  to  "the  late  unpleasantness."  The  HNN  model,  with 

its  single  adjustable  parameter  J,  seemed  to  account  quite 

satisfactorily  for  all  the  experimentally  observed  proper- 
3 

ties  of  solid  He.  The  negative  value  of  J obtained  from 
the  experiments  indicated  anti f erromagneti c ordering. 

Using  the  relation  for  the  ordering  temperature  T|^  (called 
the  Neel  temperature  for  anti ferromagneti c ordering)  ob- 
tained by  Baker  ^ (1  967), 

T,^  = -2.748  J/k  , (1.12) 

one  obtains  an  ordering  temperature  of  Tj^  = 2.0  mK  for 
solid  at  the  melting  pressure.  There  seemed  to  be  little 
doubt  at  the  time  that  solid  He  was  an  excellent  example 
of  a simple  Heisenberg  anti ferromagnet. 
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"The  Late  Unpleasantness" 

Experimental  Indications  of  the  Inadequacy  of  the  HNN  Model 

The  first  experiment  to  show  a disagreement  with  the 
HNN  model  was  the  high-field  pressure  experiment  of  Kirk  and 
Adams  (1971,  1974).  From  equation  (1.11)  it  may  be  seen 
that  applying  an  external  magnetic  field  B has  the  effect 
of  adding  a term  involving  ( J/ kT ) ( pB/ kT ) to  the  pressure. 
The  effect  of  a magnetic  field,  then  , on  a plot  of  P vs. 

1/T  is  to  produce  a bending  away  from  the  straight  line  ob- 
tained for  the  B = 0 case.  Such  an  experiment  should  also 
yield  the  sign  of  J,  since  J > 0 will  produce  an  upward 
bending,  and  J < 0 will  produce  a downward  bending.  The 

3 

Kirk  and  Adams  results  for  a molar  volume  of  23.34  cm  /mole 
are  shown  in  Fig.  4.  While  the  data  show  qualitative  agree- 
ment with  the  HNN  model  predictions  and  indicate  J < 0,  the 
magnitude  of  the  effect  is  only  about  one-half  of  that  pre- 
dicted by  the  theory  using  a value  of  J obtained  from  the 
earlier  experiments.  The  disagreement  does  not  come  from 
higher-order  terms  in  equation  (1.11),  which  can  be  shown 
to  contribute  less  than  1 percent,  and  it  is  much  larger 
than  the  uncertainty  of  the  experimental  data. 

A second  indication  of  the  failure  of  the  HNN  model 
comes  from  somewhat  qualitative  arguments  concerning  the 
melting  pressure  near  the  expected  ordering  temperature. 


(UJiD^_01)  dV 
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Fig.  4 . High-Field  Pressure  Measurement*; . 

Pressure  difference  versus  T‘ ^ for  v = 23.34  cm^/mole 
in  several  magnetic  fields.  The  dashed  curves 
show  the  calculated  behavior  based  on  the  HNN  model, 
equation  (1.11).  (Note:  H = B;  1 kG  = 0.1  T; 

1 atm  = 101.3  kPa  . ) (After  Kirk  and  Adams,  1971.) 
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If  the  solid  were  ordering  near  Tj^  = 2.0  mK,  as  would  be 
expected  from  the  HNN  model,  the  melting  curve  would  become 
quite  flat  in  this  region.  Instead,  compress ional  cooling 
experiments  (Osheroff  £t  ^. , 1972)  indicate  that  the  pres- 
sure continues  to  increase  well  below  2 mK  (using  a temper- 
ature scale  based  on  a reasonable  extrapolation  of  higher 
temperature  data ) . 

The  actual  nuclear  spin  ordering  of  solid  He  seems 
to  have  finally  been  observed  last  year  by  Halperin  et  a 1 . 
(1974)  from  measurements  of  latent  heat  along  the  melting 
curve  (the  details  of  this  method  of  determining  the  melt- 
ing curve  temperature  and  solid  entropy  from  latent  heat 
measurements  will  be  discussed  in  the  next  chapter).  The 
ordering  temperature  determined  from  these  measurements 
was  1.1  mK — almost  a factor  of  two  lower  than  that  pre- 
dicted by  equation  (1.12),  again  based  on  the  value  of  J 
for  the  melting  solid  obtained  from  earlier  experiments. 
Whether  the  ordering  is  anti ferromagneti c , as  expected, 
cannot  be  determined  from  this  experiment. 

Finally  we  will  mention  the  recent  specific  heat 
measurements  of  Dundon  and  Goodkind  (1974)  in  a nuclear 
cooling  experiment  going  to  1 mK.  Their  results  above 
5 mK  do  not  agree  qualitatively  with  the  HNN  model  (nor 
do  they  agree  with  the  modifications  of  this  model,  to  be 
discussed  in  the  following  section,  which  seem  to  explain 
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the  Kirk-Adams  data).  Below  5 mK  these  authors  report  a 
rather  unusual  temperature  dependence  of  the  specific  heat, 
with  peaks  which  may  indicate  one  or  more  phase  transitions 
in  this  region.  These  specific  heat  peaks,  however,  can- 
not represent  anti  ferromagneti  c ordering  of  the  spin  system 
since  the  entropy  change  associated  with  them  is  much  too 
smal 1 . 

Multiple  Exchange  Theories 

A number  of  attempts  have  been  made  to  reconcile  the 
experimental  disagreement  with  the  HNN  model  by  including 
higher-order  exchange  terms  in  the  Hamiltonian.  Shortly 
after  the  Kirk  and  Adams  experiment,  Zane  (1972a,  1972b) 
suggested  that  triple  exchange,  the  simultaneous  permutation 
of  three  atoms,  was  an  important  process  in  solid  He.  He 
found  that  by  using  a f erromagneti c triple  exchange  energy 
only  5 percent  as  large  as  the  usual  anti f e rromagneti c 
nearest-neighbor  exchange  energy  (J^  = -O.O5J2)  agreement 
with  the  Kirk-Adams  data  could  be  obtained.  Unfortunately, 
however,  a positive  results  in  an  effective  ferromagnetic 
next- nea res t- ne i ghbo r interaction,  and  this  tends  to  in- 
crease the  Neel  temperature  over  that  obtained  in  the  HNN 
model  (Zane,  1972c;  Adams  and  Nosanow,  1973).  As  we  have 
seen,  the  HNN  value  is  already  higher  than  that  observed 
experimentally.  Furthermore,  an  explanation  of  Dundon  and 
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Goodkind's  specific  heat  results  would  require  a negative 
(anti ferromagneti c)  in  this  model. 

Following  the  work  of  Zane,  several  authors  have  cal- 
culated the  effects  of  next-nearest-neighbor  exchange  in 

3 

solid  He  (see,  for  example,  McMahan  and  Guyer,  1973,  and 
references  cited  therein).  The  resulting  Heisenberg  next- 
nearest-neighbor  (HNNN)  Hamiltonian  may  be  written  as: 


H 


nnn 


(nn) 

E 

i<j 


(nnn),>  .> 


(1.13) 


where  A-j  and  are  the  effective  nearest-  and  next- nearest- 
neighbor  exchange  energies,  and  where  the  first  sum  is  over 
nearest- nei ghbor  pairs  and  the  second  is  over  next-nearest- 
neighbor  pairs.  This  form  of  the  Hamiltonian  also  includes 
the  effects  of  triple  exchange.  Since  a triple  exchange 
may  be  accomplished  by  a series  of  pair  exchanges,  the  ef- 
fect is  merely  to  renormalize  A-j  and  (the  designation  of 
the  exchange  energies  by  A's  usually  implies  that  such  a 
renormalization  has  been  done).  Using  the  HNNN  Hamiltonian 
in  the  calculation  of  the  various  thermodynamic  quantities 
of  interest  has  the  effect  (to  first  order)  of  replacing  J 
in  equations  (1.6)  through  (1.11)  by  some  function  of  A-| 
and  A2>  with  a different  function,  in  general,  for  each 
quantity  (see,  for  example,  McMahan  and  Guyer,  1973). 

Most  theoretical  calculations  (Zane,  1972a,  1972b; 
McMahan  and  Guyer,  1973;  Goldstein,  1973,  1974)  of  the 
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exchange  energies  using  the  Hamiltonian  of  equation  (1.13) 

3 

and  assuming  some  reasonable  form  for  the  He  atomic  wave 
function  yield  ant i f e rromagneti c nearest-neighbor  and  ferro- 
magnetic next-nearest-neighbor  exchange  energies,  in  quali- 
tative agreement  with  the  Kirk-Adams  results.  However,  as 
mentioned  earlier,  a ferromagnetic  A2  is  not  in  agreement 
with  the  ordering  temperature  reported  by  Halperin  £t  a1 . 
and  supported  by  earlier  observations  in  comp  res s i ona 1 
cooling  experiments.  It  is  also’ inconsistent  with  the 
Dundon  and  Goodkind  results. 

A recent  calculation  by  Zane  and  Sites  (1974)  using  a 
modified  Gaussian  atomic  wave  function,  however,  indicates 
that  both  A-|  and  ^re  negative  (anti  ferromagnetic)  and 
that  triple  exchange  is  less  important  than  was  believed 
previously.  The  experimental  consequences  of  such  a thesis 
are  consistent  with  all  existing  low  magnetic  field  data 
but  not  with  the  Kirk  and  Adams  results. 

Johnson  and  Cohen  (1975a)  recently  reported  an 

analysis,  based  on  the  HNNN  Hamiltonian,  of  all  available 

3 

thermodynamic  data  on  solid  He  at  four  molar  volumes.  In 
this  analysis  A^  , A^ , 31 n | A^  | /9l nV,  and  3ln|A2|/3lnV  (cf. 
equation  1.11)  are  treated  as  independent  adjustable  para- 
meters. By  assuming  fairly  large  uncertainties  in  the  sus- 
ceptibility  data  and,  in  some  cases,  shifting  the  term  in 
the  pressure  data,  they  are  able  to  describe  the  data  equal- 
ly well  by  four  qualitatively  different  sets  of  exchange 


20 


constants  (this  is  true  with  the  possible  exception  of  the 
Dundon  and  Goodkind  specific  heat  data,  which  Johnson  and 
Cohen  suggest  might  contain  a spurious  nonmagnetic  contri- 
bution). Except  for  the  molar  volume  at  melting  (24.24 
cm  /mole),  one  set  is  the  "conventional"  one  with  A-j  < 0 
and  > 0.  The  other  three  sets  include  all  possible 
combinations  of  positive  and  negative  signs  for  A-j  and  A£ 
and,  in  some  cases,  require  one  or  both  of  the  A' s to 
change  sign  at  some  molar  volume.  For  the  molar  volume 
at  melting,  all  four  sets  have  both  A-j  and  A2  negative.^ 

No  theoretical  arguments  are  given  to  support  any  of  these 
sets  of  exchange  constants,  and  no  indication  is  given  of 
the  quality  of  the  fit  to  any  experimental  data. 

Finally,  a recent  calculation  by  McMahan  and  Wilkins 

(1975)  indicates  that  quadruple  exchange  may  be  an  important 

3 

process  in  solid  He.  The  inclusion  of  a four-spin  term  in 

the  Hamiltonian  is  shown  to  produce  an  effective  temperature- 

dependent  exchange  energy  which,  the  authors  state , may  be 

able  to  explain  a number  of  the  perplexing  properties  of  the 

solid.  Unfortunately,  a detailed  comparison  of  this  theory 

3 

with  the  available  experimental  data  on  solid  He  may  re- 
quire an  exact  treatment  of  the  four-spin  Hamiltonian.  This 
is  a difficult  problem  which  has  not  yet  been  solved. 

^Johnson  and  Cohen's  analysis  of  our  own  data  (Johnson  and 
Cohen,  1975b),  which  requires  A,  > 0 and  A2  < 0,  will  be 
discussed  in  Chapter  V. 


CHAPTER  II 


OBJECTIVE  AND  METHOD 
Motivation  for  the  Experiment 

It  is  clear  from  the  preceding  chapter  that  our 
understanding  of  magnetism  in  solid  ^He  is  far  from  com- 
plete. The  once  cherished  and  conceptually  simple  HNN 
model  fails  to  provide  an  adequate  description  of  the 
solid  at  very  low  temperatures  and  in  high  magnetic  fields. 
It  now  appears  that  the  magnetic  interactions  which  domi- 
nate the  behavior  of  the  solid  at  low  temperatures  are 
more  complicated  than  had  been  expected.  Whether  the 
generalized  Heisenberg  Hami 1 toni an  of  equation  (1.3)  is 
appropriate  for  solid  ^He,  and  if  so,  which  are  the  most 
important  exchange  processes,  are  questions  still  to  be 
answered.  Clearly,  much  more  work  in  this  area  is  called 
for. 

Because  of  the  magnetic  nature  of  the  exchange  inter- 
action, an  applied  magnetic  field  should  strongly  affect 
many  of  the  properties  of  solid  ^He,  especially  near  the 
spin  ordering  region.  The  entropy  of  the  solid  should  be 
reduced  because  of  the  tendency  of  the  spins  to  align  with 
the  field,  and  this  would  affect,  among  other  things,  the 
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specific  heat  and  the  shape  of  the  melting  curve.  The  or- 
dering temperature  and  possibly  even  the  nature  of  the  or- 
dered phase  should  be  influenced  by  a magnetic  field.  A 
magnetic  phase  diagram  for  solid  He  would  display  these 
effects  and  would  provide  additional  useful  information  on 
the  nature  of  the  ordering  transition. 

Since  experiments  above  the  ordering  temperature 

seem  to  indicate  a definite  tendency  toward  anti ferromag- 

3 

netism  in  solid  He,  it  is  instructive  to  recall  the  behav- 
ior of  a simple  ant i f erromagnet  in  an  applied  magnetic 
field  (see,  for  example,  de  Jongh  and  Miedema,  1974).  A 
magnetic  phase  diagram  for  a typical  anti ferromagnet  is 
shown  in  Fig.  5.  The  ordering  temperature  is  depressed  by 
an  external  field,  finally  reaching  T = 0 for  a critical 
field  B^.  The  ordered  phase  is  anti f erromagneti c (AF)  in 
low  fields,  but  in  higher  fields  there  may  be  a spin-flop 
(SF)  phase  where  the  spins  still  align  antiparallel  to  one 
another  but  lie  in  a plane  perpendicular  to  the  applied 
field.  The  location  of  the  phase  boundary  between  the  AF 
and  SF  phases  depends  on  the  magnitude  of  the  crystal  an- 
isotropy field  Bg  relative  to  that  of  the  effective  ex- 
change field.  For  a very  weakly  anisotropic  system,  which 
would  probably  be  the  case  for  He  where  the  expected 
source  of  anisotropy  is  the  small  dipolar  field,  this 
phase  boundary  is  depressed  to  near  the  B = 0 axis. 
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Fig*  5 . Magnetic  Phase  Diagram  of  a Typical  Antiferro- 
magnet . Phase  boundaries  in  the  B-T  plane 
between  paramagnetic  (P),  anti  ferromagnetic  (A), 
and  spin-flop  (SF)  phases  are  shown. 
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Thus  it  is  clear  that  a study  of  the  nuclear  spin 

3 

ordering  of  solid  He  in  a magnetic  field  and  the  establish- 
ment of  a magnetic  phase  diagram  could  lead  to  a better  un- 
derstanding  of  the  magnetic  interactions  in  solid  He  and 
the  nature  of  the  ordered  phase  or  phases.  It  was  for  this 
reason  that  the  present  work  was  undertaken. 

Pomeranchuck  Cooling 

Before  discussing  in  detail  the  technique  which  we 
have  used  to  study  the  solid  ordering,  the  method  of  achiev- 
ing the  very  low  temperatures  required  for  this  study  will 
be  reviewed.  Only  in  the  last  few  years  have  temperatures 
in  this  range  become  attainable  in  the  laboratory,  and  this 
has  sparked  a renewed  interest  in  both  liquid  and  solid  He. 
For  experiments  involving  a melting  curve  sample  of  He, 
Pomeranchuck  cooling  is  the  ideal  method  of  reaching  these 
temperatures  because  the  sample  under  study  provides  its  own 
refrigeration  and  thermometry.  Since  this  cooling  process 
is  an  integral  part  of  the  experimental  method  used  in  the 
present  work,  it  will  be  discussed  briefly  below. 

It  was  first  pointed  out  by  Pomeranchuck  (1950)  that 
there  should,  be  a minimum  in  the  He  melting  curve,  and 
that  for  temperatures  below  the  minimum  the  melting  curve 
slope  should  be  negative.  These  conclusions  were  based  on 
a comparison  of  the  liquid  and  solid  entropies  at  melting. 
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which  are  related  to  the  melting  curve  slope  (dP/dT)^  by 
the  Cl ausi us-Clapeyron  equation 

(dP/dT)^  = (S^  - S^)/(V^  - VJ  . (2.1 ) 

where  S-j  and  are  the  liquid  and  solid  entropies,  respec- 
tively, and  (V-j  - Vg)  is  the  volume  change  on  melting.  This 
latter  quantity  is  known  to  be  positive  at  all  temperatures 
(see  Trickey  ^ aj^.  , 1 972  , and  references  cited  therein). 
Thus  the  sign  of  the  melting  curve  slope  is  the  same  as  that 
of  the  entropy  difference  (S^  - S^).  Below  about  1 K the 
liquid  entropy  is  approximately  linear  in  temperature, 
characteristic  of  a degenerate  Fermi  liquid.  The  solid,  on 
the  other  hand,  has  a nearly  constant  entropy  of  Rln2  per 
mole,  arising  from  the  disordered  spins,  down  to  tempera- 
tures near  the  ordering  region.  The  entropies  of  the  two 
phases  are  equal  near  0.3  K,  and  therefore  at  lower  tempera- 
tures (S-|  - Sg)  < 0.  Thus  below  0.3  K the  melting  curve 
slope  IS  negative,  and  increasing  the  pressure  of  a melting 
curve  sample  of  He  by  decreasing  its  volume  results  in  a 
temperature  decrease  as  liquid  is  converted  to  solid.  This 
process,  illustrated  in  Fig.  6,  is  known  as  Pomeranchuck 
cooling,  and  compres s i onal  cooling  devices  are  usually 
called  Pomeranchuck  cells. 

The  first  successful  Pomeranchuck  cooling  experiment 
was  reported  by  Anufriyev  (1965).  A number  of  Pomeranchuck 
cells  capable  of  reaching  temperatures  near  1 mK  are  now  in 


Pressure  (atm)  Entropy/ R 
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Fig.  6.  Ppmeranchuck  Cooling.  (a)  The  entropies  of 

liquid  and  solid  -^He  at  melting.  (b)  The  melting 
curve.  The  dashed  arrows  indicate  Pomeranchuck 
cooling.  (Note:  1 atm  = 0.1013  MPa.)  (After 

Ri chardson ,1970.) 
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use  in  various  laboratories  throughout  the  world.  The  prin- 
ciples and  techniques  of  Pomeranchuck  cooling  have  been  dis- 
cussed by  Johnson  ^ (1970)  and  by  Lounasmaa  (1974). 

Details  of  the  cell  used  in  the  present  experiment  will  be 
given  in  Chapter  III. 

Heat  Pulse  Method 

The  technique  used  in  this  work  to  obtain  the  solid 

3 

He  entropy  and  to  study  the  magnetic  ordering  of  the  solid 
is  essentially  the  same  as  that  used  in  zero  magnetic  field 
by  Halperin  ^ (1974)  and  discussed  more  extensively  by 

Halperin  (1975a).  If  an  amount  of  heat  AQ  is  applied  to  a 

mixture  of  liquid  and  solid  ^He  in  a Pomeranchuck  cell,  the 
pressure,  and  hence  the  temperature,  of  the  mixture  may  be 
held  constant  by  changing  the  volume  of  the  cell  by  a cer- 
tain amount  AV  (AV  < 0).  Since  the  temperature  of  the  mix- 
ture remains  constant,  AQ  represents  the  latent  heat  of 
forming  a certain  amount  of  new  solid,  and  since  the  pres- 
sure remains  constant,  AV  is  simply  the  volume  change, 

^1  " '^s*  that  amount  of  He  upon  solidification.  There- 

fore, since  AQ  = T(S-j  - S^)  by  the  second  law  of  thermody- 
namics, the  Cl ausi us-Cl apeyron  equation  (equation  2.1)  may 
be  written  as 


(dP/dT)^  = r''(AQ/AV)  . 


(2.2) 
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Thus  the  quantity  AQ/AV,  measured  at  a particular  pressure, 
is  equal  to  the  product  T(dP/dT)^  for  the  ^He  melting  curve 
at  that  pressure.  One  method  of  extracting  the  temperature 
and  slope  separately  is  to  measure  the  quantity  AQ/AV  as  a 
function  of  pressure  and  then  to  integrate  equation  (2,2) 
from  some  point  (T^,  P^)  where  the  melting  curve  has  al- 
ready been  established.^  Thus  we  obtain 


dT  = / (AQ/AV)‘^ 


dP 


(2.3) 


The  first  integral  may  be  evaluated  to  yield 


T(P)  = T exp{  / (AQ/AV)'^  dP}  . (2.4) 

Po 

Once  T(P)  has  been  established,  the  melting  curve 
slope  (dP/dT)^  may  be  obtained  from  equation  (2.2).  As 
discussed  below,  the  liquid  entropy  per  mole  s-|(T)^  and 
the  liquid-solid  molar  volume  difference  Av  are  known,  and 
hence  the  Claus ius-Clapeyron  equation  may  be  used  to  obtain 
the  solid  entropy  per  mole: 

Sg(T)  = s^  - Av(dP/dT)^  . (2.5) 

A second  method,  utilizing  the  fact  that  the  solid  entropy 
approaches  Rln2  per  mole  at  high  temperatures,  was  used  by 
Halperin  ( 1 975a;  Ha  1 pe ri n et  ^.  , 1 975b). 

2 

Lower  case  letters  are  used  to  denote  molar  quantities. 
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It  has  been  established  previously  that  Av  is  nearly 
independent  of  temperature  (see  Tri  ckey  £t  £j_.  , 1 972  , and 
references  cited  therein).  The  value  Av  = 1.314  cm^/mole 
as  determined  by  Halperin  (1975a)  was  used  in  this  work. 
Since  liquid  He  is  a degenerate  Fermi  liquid  its  entropy  is 
linear  in  temperature,  and  the  proporti onal i ty  constant  has 
been  determined  from  specific  heat  measurements. 

One  might  raise  the  objection  that  the  entropy  of 

3 

liquid  He  in  the  superfluid  phases  below  2.7  mK  will  be 
less  than  the  Fermi  liquid  value.  In  this  temperature 
range,  however,  the  Fermi  liquid  entropy  is  considerably 
smaller  than  that  of  the  solid,  and  the  right-hand  side 
of  equation  (2.5)  is  dominated  by  the  (dP/dT)^^  term. 

Indeed,  setting  s-j  = 0 below  2.7  mK  results  in  a maximum 
change  in  the  calculated  solid  entropy  of  less  than  2 per- 
cent (except  below  the  solid  ordering  temperature  where 
the  uncertainty  in  the  data  is  already  quite  large). 
Therefore,  the  expression  s^  = 4.62RT  K~\  obtained  from 
the  specific  heat  data  of  Abel  ejt  (1  966),  was  used 
throughout  the  entire  temperature  range  in  this  work. 


CHAPTER  III 


APPARATUS 


Pomera nchuck  Cell 


Cell  Design  and  Construction 

All  Pomeranchuck  cells  employ  a chamber  containing 
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He  and  some  arrangement  for  decreasing  the  volume  of  the 
chamber  in  order  to  produce  cooling.  The  means  by  which 
this  volume  change  is  accomplished  is  what  distinguishes 
one  cell  design  from  another.  The  cell  used  in  the  pre- 
sent experiment  was  designed  to  fit  inside  a high-field 
superconducting  solenoid,  and  for  this  reason  a long  cylin- 
drical geometry  was  chosen. 

The  cell  is  illustrated  schematically  in  Fig.  7. 

The  overall  length  of  the  cell  is  16.95  cm  and  the  maximum 
outside  diameter  (o.d.)  is  3.63  cm  at  the  end  flanges. 
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The  He  is  contained  inside  a brass  tube  10.80  cm  long  with 
an  inside  diameter  (i.d.)  of  2,44  cm  and  a wall  thickness 
of  only  0,015  cm.  The  pressure  of  the  ^He  inside  this  tube 
causes  the  thin  wall,  or  diaphragm,  to  stretch.  A pressure 
of  3.35  MPa  [1  Pa  (Pascal)  = 1 Newton/m^  = 10“^  bar],  the 
melting  pressure  of  He  near  25  mK,  causes  the  diameter  of 

■3 

the  diaphragm  to  increase  by  3.4x10  cm. 
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To  Heat  Switch 


Fig.  7.  Pomeranchuck  Cell 
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The  brass  diaphragm  is  surrounded  by  a larger  con- 
centric brass  tube  with  an  o.d.  of  2.65  cm  and  a wall  thick- 

3 

ness  of  0.076  cm.  The  resulting  1.4  cm  volume  between  the 

4 4 

tubes  is  filled  with  liquid  He.  Increasing  the  He  pres- 
sure causes  the  diaphragm  to  relax  back  toward  its  unstretch- 
ed shape,  thus  producing  the  desired  volume  change  in  the 
^He  region. 

Much  of  the  volume  inside  the  diaphragm  is  excluded, 

3 3 

leaving  6.86  cm  (maximum  stretched  volume)  for  He.  The 

4 

maximum  possible  volume  change,  limited  by  the  He  solidi- 

3 

fication  pressure,  is  0.14  cm  , or  2.0  percent  of  the  total 

3 

He  volume.  This  volume  change  is  sufficient  to  convert 

3 

38  percent  of  the  He  inside  the  cell  from  liquid  to  solid. 
While  some  cells  are  capable  of  up  to  100  percent  solid 
conversion,  beyond  about  50  percent  solid,  frictional  heat- 
ing in  the  cell  often  occurs  because  of  "crunching"  of  the 
solid  being  compressed.  This  results  in  a reduction  in 
cooling  power,  and  in  some  cases  even  causes  the  cell  to 
warm.  Thus  the  38  percent  solid  conversion  maximum  is  not 
considered  a serious  drawback  of  this  cell  design. 

The  two  brass  tubes  were  soft-soldered  into  Be-Cu 
flanges  at  both  ends.  The  flanges  had  previously  been  har- 
dened by  heat-treating  at  315°C  for  3 hours.  A tube  made 
of  OFHC  copper  was  hard- sol dered  into  a hardened  Be-Cu 
flange  and  inserted  into  the  top  of  the  cell  as  shown  in 
Fig.  7.  The  two  flanges  are  held  together  by  eight  #6-32 
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brass  screws  and  sealed  with  a lead  o-rinq.  The  copper  in- 
sert has  a capacitive  strain  gauge,  described  in  the  follow- 
ing section,  soft- sol dered  to  its  lower  end.  The  entire 

3 

assembly  extends  into  the  He  region  to  a point  3.71  cm 
above  the  bottom  end  flange.  The  spacing  between  the  cop- 
per insert  and  the  diaphragm  wall  is  0.032  cm.  A copper 
tab  extending  from  the  top  of  the  insert  was  thermally  at- 
tached through  a tin  heat  switch  to  the  mixing  chamber  of 

a dilution  refrigerator  for  precooling  the  sample.  The 

2 3 

copper  insert  has  a surface  area  of  55  cm  exposed  to  He. 

3 

Two  He  filling  capillaries  extend  through  the  top  of  the 

4 

insert,  and  two  He  filling  capillaries  protrude  through 
the  outer  brass  cylinder  wall  near  the  top  of  the  cell. 

A cylindrical  plug  made  of  Stycast  1266  epoxy  was 
inserted  into  the  lower  end  of  the  cell  leaving  0.51  cm 
between  the  plug  and  the  strain  gauge.  In  this  plug  are 
embedded  two  NMR  coils,  a solenoid  parallel  to,  and  a Helm- 
holtz pair  transverse  to  the  external  field  direction. 

These  were  not  used  in  this  experiment  except  for  determin- 
ing the  magnetic  f iel d-to-current  ratio  of  the  main  sole- 

3 

noid  by  measuring  the  He  resonant  frequency.  A 100 
(nominal  room  temperature  value)  Speer  carbon  resistor, 
mounted  in  a cavity  on  the  side  of  the  plug,  was  used  for 
resistance  thermometry  during  precooling.  The  epoxy  plug 
itself  is  mounted  on  a hardened  Be-Cu  electrical  feed- 
through flange,  through  which  are  sealed  two  shielded 
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copper  leads  for  the  NMR  coils  and  four  superconducting 
(NbTi)  leads,  two  for  the  carbon  resistor  and  two  for  a 
copper  wire  heater.  Below  the  feed-through  is  a second 
capacitive  strain  gauge.  Three  0.16  cm  diameter  holes  in 
the  epoxy  plug  allowed  He  to  fill  the  region  inside  the 
NMR  coils  and  a shallow  conical  volume  above  the  strain 
gauge.  Both  the  feed-through  flange  and  the  strain  gauge 
are  attached  to  the  lowerend  flange  with  eight  #6-32 
brass  screws  and  are  sealed  with  lead  o-rings  on  either 
side  of  the  feed-through. 

Measurements  of  Pressure 

Pressure  measurements  in  a Pomeranchuck  cell  must 
be  made  J_n  situ  because  the  working  range  of  a Pomeranchuck 

cell  is  below  the  temperature  of  (and  above  the  pressure  of) 

3 T 

the  He  melting  curve  minimum.  Thus  the  He  filling  capil- 
lary will  be  blocked  with  solid  at  some  point,  completely 
isolating  the  contents  of  the  cell  from  the  ^He  pressuriza- 
tion system  outside  the  cryostat. 

As  mentioned  previously,  the  cell  has  two  capacitive 
strain  gauges  for  measuring  the  He  pressure.  Because  the 
channels  leading  to  the  lower  strain  gauge  became  blocked 
with  solid  near  the  end  of  some  compressions,  this  strain 
gauge  was  not  used  in  the  present  experiment.  The  ^He  pres- 
sure P^  was  always  measured  with  the  strain  gauge  mounted 
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on  the  copper  insert,  and  this  strain  gauge  will  henceforth 

3 

be  referred  to  as  the  He  strain  gauge. 

A third  strain  gauge,  mounted  on  the  dilution  refrig- 

4 

erator  mixing  chamber  flange,  in  the  He  filling  line  was 

4 

used  to  measure  the  liquid  He  pressure  in  the  cell. 

4 

Because  of  the  superf 1 ui di ty  of  liquid  He,  this  strain 
gauge  was  always  in  pressure  equilibrium  with  the  liquid  in 
the  cell.  All  three  strain  gauges  were  constructed  of  har- 
dened Be-Cu  and  are  essentially  of  the  standard  Straty  and 
Adams  (1969)  design.  All  strain  gauge  capacitor  leads  were 
electrically  shielded. 

3 

The  He  strain  gauge  capacitance  was  measured  di- 
rectly using  a General  Radio  model  1615-A  capacitance  bridge. 

4 

The  capacitance  of  the  He  strain  gauge  was  compared  to 
that  of  a 74  pf  glass  "standard"  capacitor  by  using  a ratio 
transformer  in  a bridge  arrangement.  The  "standard"  capaci- 
tor was  mounted  on  the  still  flange  of  the  dilution  refrig- 
erator for  temperature  stability.  Both  systems  used  lock- 
in  amplifiers  for  phase- sens i ti ve  detection,  and  the  outputs 
(off-balance  signals)  of  both  amplifiers  were  simultaneously 
recorded  on  a dual-pen  chart  recorder. 

The  strain  gauges  were  calibrated  against  external 
pressure  gauges,  and  a least-squares  fit  to  the  equation 


P = a - b/C 


(3.1) 
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was  made  to  determine  the  constants  a and  b in  each  case.^ 

4 

The  He  strain  gauge  was  calibrated  against  a 0-2.8  MPa  ex- 
ternal pressure  gauge  at  approximately  thirty  points  in  the 
interval  0.3-2. 5 MPa. 

3 

The  He  strain  gauge  was  cal ib rated  against  a 0-3.5 
MPa  Heise  gauge  with  approximately  thirty  points  taken  in 
the  interval  3. 3-3.5  MPa.  This  calibration  was  performed 

3 

at  a temperature  of  1 K in  order  to  be  above  the  He  melt- 
ing temperature  at  the  highest  pressure.  The  constant  a 
of  equation  (3.1)  was  adjusted  to  yield  a pressure  = 
3.43420  MPa  for  the  A transition  of  liquid  ^He  as  deter- 
mined by  Halperin  (1975a).  The  long  term  reproduce bi 1 i ty 

3 

of  the  He  strain  gauge  over  a period  of  three  months  was 
approximately  30  Pa,  while  the  short  term  reproducabi 1 i ty 

3 

was  better  than  3 Pa.  The  absolute  accuracy  of  our  He 
pressure  calibration,  limited  by  the  linearity  and  resolu- 
tion of  the  Heise  gauge,  is  estimated  at  0.1  percent. 

During  a subsequent  experimental  run  several  months 
after  the  data  for  the  present  experiment  had  been  taken, 

3 

the  He  strain  gauge  was  calibrated  first  against  the  Heise 
gauge  and  later  against  a TI  model  145  quartz  Bourdon  tube 
pressure  gauge.  The  accuracy  of  the  TI  gauge  is  0.05  per- 
cent, which  is  substantially  better  than  that  of  the  Heise 

^In  the  case  of  the  ^He  pressure  calibration  the  ratio  trans 
former  reading  R,  which  is  related  to  C,  and  the  "standard" 
capacitance  C5  by  R/(l  - R)  = C,/Cs,  was  used  in  place  of  C 
in  equation  (3.1),  since  it  has  the  same  functional  relation 
ship  to  the  pressure. 
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gauge.  In  the  pressure  range  of  interest,  the  quantity 
dP/dC,  obtained  from  the  calibration  against  the  TI  gauge, 
was  2.6  percent  smaller  than  that  from  the  calibration- 
against  the  Heise  gauge,  which  may  indicate  a nonlinear 
behavior  of  the  Heise  gauge.  If  this  were  the  case  at  the 
time  of  the  pressure  calibration  for  the  present  experiment, 
then  the  measured  pressure  intervals  (relative  to  P.)  re- 

M 

ported  in  this  work  would  be  2.6  percent  too  large.  This 
would  result  in  a maximum  error" of  1.5  kPa  (0.04  percent) 
in  our  absolute  pressure  scale  and  a maximum  error  of  about 
2.5  percent  in  our  calculated  temperatures. 

The  pressure  interval  between  the  A and  B'  transi- 
tions of  liquid  ^He  was  2.07  kPa  as  determined  from  the  ^He 
strain  gauge.  This  value  is  somewhat  larger  than  the  values 
2.01  and  1.99  kPa  reported  by  Osheroff  (1973)  and  Halperin 
(1975a),  respectively.  At  least  part  of  this  discrepancy 
could  result  from  an  error  in  our  pressure  calibration  as 
discussed  above.  (A  2.6  percent  "correction"  in  our  pressure 
calibration  would  yield  an  A-B*  interval  of  2.02  kPa.)  On 
the  other  hand  it  could  be  connected  with  the  fact  that  the 
maximum  differential  pressure  between  the  top  and  bottom  of 

our  cell,  arising  from  the  hydrostatic  pressure  of  liquid 
3 

He  in  the  cell,  is  0.14  kPa;  this  value  is  not  as  large 
for  the  shorter  cells  used  by  the  other  investigators. 
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Measurements  of  Volume  Change 


It  was  necessary  in  this  experiment  to  know  the 
change  in  cell  volume  AV  resulting  from  a change  in  dif- 
erential  pressure  across  the  cell  diaphragm  P = A{P^  - 


Since  the  maximum  stress  on  the  diaphragm  was  less  than  one- 


half  of  the  calculated  yield  stress,  the  diaphragm  displace- 
ment was  a linear  function  of  the  differential  pressure. 

The  volume  change,  then,  is  given  by  the  relation 


AV  = aAP34  , (3.2) 

where  a = -5.77x10  cm  /MPa  is  the  diaphragm  spring  con- 
stant. The  validity  of  this  equation  and  the  method  of  de- 
termining the  spring  constant  are  discussed  in  Appendix  A. 


Measurements  of  Heat  Input 

3 

The  He  region  inside  the  cell  contains  a heater 
constructed  of  4000  cm  of  0.0025  cm  diameter  (#50)  copper 
wire.  This  heater  randomly  occupies  a volume  of  2.4  cm^, 

35  percent  of  the  total  He  volume,  in  the  region  between 
the  epoxy  plug  and  the  upper  ^He  strain  gauge  as  illustrated 
in  Fig.  7.  A perforated  epoxy  "cage"  surrounds  the  heater, 
keeping  it  from  touching  the  strain  gauge  or  the  cell  wall. 

Superconducting  electrical  leads  were  used  from  the 
heater  to  a heat  sink  mounted  on  the  dilution  refrigerator 
mixing  chamber  flange.  At  this  point  current  and  voltage 
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leads  were  attached,  thus  allowing  four-termi nal  resistance 
measurements  to  be  made.  Current  to  the  heater  was  supplied 
by  a Keithley  model  225  constant  current  source  with  a mea- 
sured accuracy  of  better  than  0.1  percent,  and  voltages  were 
measured  with  a Doriac  DS-lOO  integrating  digital  voltmeter 
with  an  accuracy  of  0.03  percent.  An  extremely  fast  switch- 
ing circuit,  described  by  Castles  and  Adams  (1975),  was  used 
to  switch  the  current  source  from  a dummy  resistor  to  the 
cell  heater  and  simultaneously  activate  a timer  for  measur- 
ing the  length  of  each  heat  pulse.  The  timer  is  a General 
Radio  1192-B  frequency  counter  operated  in  the  timing  mode. 

The  heater  resistance  was  measured  several  times  in 
each  magnetic  field  and  was  found  to  be  independent  of  tem- 
perature (below  30  mK),  current,  and  time  to  within  0.2  per- 
cent. Thus  the  magnitude  of  a heat  pulse  AQ  could  be  deter- 
mined to  within  0.3  percent  by  measuring  the  length  of  the 
pulse  and  using  the  current  and  resistance  to  calculate  the 
heater  power. 

Because  of  the  rather  large  magnetoresistance  effect 
in  copper,  the  heater  resistance  had  to  be  measured  in  each 
magnetic  field.  This  effect  is  shown  in  Fig.  8 where  we 
have  plotted  the  reduced  heater  resistance  R(B)/R(0)  as  a 
function  of  magnetic  field  B.  The  heater  resistance  was 
1 200  fi  at  room  temperature  and  14.22  below  30  mK  in  zero 
field. 


R(B)/R{0) 
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i g • 8 . Reduced  Heater  Resistance  versus  Field. 
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External  Gas-Handling  Systems 

Pressurization  and  Storage  Systems 

The  external  He  and  He  gas-handling  systems  are 
illustrated  in  Fig.  9,  with  the  ^He  system  shown  in  the  top 

O 

of  the  figure.  The  He  used  in  this  experiment  contains 
approximately  40  ppm  ^He  as  determined  with  a Veeco  mass 
spectrometer  leak  detector.  A 12  cm^  dipstick,  containing 
Zeolite  as  an  adsorbing  agent,  was  used  for  cryo-pumping 

3 

He  gas  from  the  2.2  1 storage  container  and  for  pressur- 
izing the  Pomeranchuck  cell. 

Both  the  He  and  the  He  systems  contain  charcoal- 
filled  cold  traps  immersed  in  liquid  N2  at  77  K,  as  well 
as  HIP  15-51AF1  particle  filters  which  were  used  to  trap 
contaminants  that  could  have  caused  the  filling  capillaries 
to  block.  Each  system  has  two  filling  capillaries,  a pri- 
mary and  a spare,  entering  the  dewar.  The  valve  in  each 
spare  line  was  kept  closed  during  the  filling  of  the  cell; 
the  spare  lines  would  have  been  used  to  unload  the  cell  if 
the  primary  lines  had  become  blocked.  Both  ^He  filling 
capillaries  extend  all  the  way  to  the  Pomeranchuck  cell, 
while  the  two  '^He  lines  join  inside  the  cryostat  just  below 

the  4.2  K flange. 

4 

The  He  gas  was  obtained  from  a standard  high- 
pressure  gas  bottle  equipped  wiht  a 0-7  MPa  pressure  regu- 
lator. After  passing  through  an  initial  cold  trap,  the  gas 


Fig.  9.  Gas-Hand1 i ng  Systems. 


o 


o 


0> 

cr> 

3 

<C 

CD 


0> 

o; 


Cl 

4-> 

CL 

dJ 

to 

fO 

' — ' 

s. 

s. 

L. 

3 

i- 

1— 

to 

1— 

to 

0) 

s- 

<u 

to 

E 

o 

CM 

> 

CM 

0) 

0 

r— 

:zz 

Z 

S- 

OJ 

CO 

•f— 

(C 

o. 

OJ 

CD 

Ll 

f— 

“O 

> 

“Q 

> 

3 

s- 

3 

•f— 

1— 

r— 

ro 

0 

dJ 

O) 

3 

cn 

3 

ro 

ro 

(U 

CD 

-«-> 

r— 

Q) 

cr 

c 

C7- 

•r* 

> 

E 

ro 

U 

Cd 

►1— 

•»“ 

4-> 

3 

CU 

r~" 

•r* 

— j 

s. 

C 

to 

r* 

s. 

3 

+J 

03 

0) 

cu 

to 

O 

3 

CD 

s. 

U 

"O 

4-) 

-o 

ro 

> 

to 

0) 

ro 

3 

(U 

O) 

0) 

Q. 

cu 

<u 

CU 

O. 

to 

Od 

0. 

to 

r— 

p-~ 

s 

E 

r— 

>4- 

CJ 

-M 

O) 

(/) 

+J 

1— 

3 

n— 

M- 

c 

to 

O) 

r— 

OJ 

4-> 

•f— 

CD 

O. 

•f“ 

<o 

CO 

ro 

Q. 

s- 

Ll 

s- 

o 

Li. 

CO 

U. 

o 

“O 

r*“ 

3 

c 

n. 

CO 

CM 

E 

a> 

OJ 

r— 

ro 

to 

r— 

T— 

i 

3 

r— 

ro 

CL 

u 

rO 

Q. 

to 

UO 

(0 

(/) 

fO 

CD 

3 

fO 

O. 

E 

c 

CO 

2; 

O) 

1 

E 

CL, 

fO 

O 

U 

o 

s: 

1— t 

ro 

t- 

uo 

(U 

CD 

u 

o 

fO 

u 

“O 

r— 

CO 

CL 

I — 

s. 

S. 

> 

s. 

S 

0) 

• 

to 

OJ 

CD 

Q. 

<D 

o 

CL 

to 

CM 

0) 

Q- 

>1 

1 

:c 

JC 

3 

o 

x: 

1 

r-* 

E 

• 

»— 4 

LO 

o 

o 

z 

h- 

o 

o 

U. 

H-l 

o 

0 00 

:e 

(U 

nz 

X) 

u 

■o 

0) 

M- 

CD 

JC 

•r— 

E 

o; 

4-> 

</) 

00 

cu 


00 


C- 

tT3 

S-  c. 

I—  <v 

CVJ  r— 


CU 

cu 

zz 

03 

•r* 

o; 

CD 

r— 

CD 

Lu 

c 

3 

4-> 

d) 

*0 

3 

cu 

•r— 

ro 

4-> 

CD 

•f— 

ro 

CU 

c 

0 

0 

3 

3 

CD 

r— 

•r* 

CO 

ro 

cr 

U 

CD 

OJ 

CD 

•r* 

OJ 

•r* 

C 

S- 

<D 

— J 

s. 

+-> 

CD 

•r» 

3 

CD 

CU 

3 

s- 

C 

f— 

to 

ro 

s. 

“O 

to 

ro 

1 — 

to 

S. 

3 

0 

O. 

CD 

to 

CL 

1 — 

•r~ 

cu 

0 

to 

•r“ 

E 

1 

03 

1 — 

Lu 

4J 

to 

4-> 

3 

r— 

L. 

1— 

•r* 

a. 

t>0 

cu 

to 

CL 

•r- 

Q_ 

Lu 

Lu 

d) 

1. 

CL 

Lu 

< 

ZC 

ro 

CU 

CL 

♦f— 

E 

1 

ro 

r— 

03  CO 

CL 

Q 

3 

r— 

CL 

ID 

JZ 

2:  CO 

ro 

3 

ro 

2: 

1 

CO 

>> 

CL 

00 

CJ 

0 

ID 

s- 

r— 

21 

E 

(O 

u 

LO 

f— 

03 

ro 

• 

u 

> 

i- 

• 

i- 

E 

0 

CM 

ro 

CO 

CL 

ro 

•r* 

1 

• 

1 

CM 

0 

-CZ 

1 

Cl 

0 

CM 

0 

r~ 

1— 

0 

0 

nz 

LO 

Q- 

CO 

0 

Q 

LU 

Ll 

CD 

zc 

•3 

Spare  He  Filling  Line 

4 

Primary  He  Filling  Line 


43 


44 


flowed  through  two  Nupro  B-2SG  adjustable  metering  valves 
connected  in  series,  which  determined  the  flow  rate  of  ^He 
into  the  Pomeranchuck  cell  and  thus  the  compression  rate  V. 
This  flow  rate  was  monitored  by  measuring  the  pressure  drop 
across  a fixed  flow  impedance  with  a differential  pressure 
gauge. 

3 

He  Pressure  Regulation  System 

It  was  useful  in  this  experiment  to  be  able  to  main- 
3 

tain  a constant  He  pressure,  and  thus  a constant  tempera- 
ture, in  the  Pomeranchuck  cell  under  varying  heat  loads. 
This  was  accomplished  by  using  an  electrically  activated 
pressurization  system  illustrated  in  Fig.  10.  A 12  cm^ 
stainless  steel  bomb  with  0.025  cm  thick  walls  is  connected 

4 

to  the  He  pressurization  line  just  outside  the  cryostat. 
The  bomb  is  filled  by  a 9.0  heater  constructed  of  ten 
600  cm  lengths  of  0.15  J^/cm  resistance  wire  connected  in 
parallel.  With  the  bomb  immersed  in  liquid  N2  and  with  a 
small  DC  bias  current  through  the  heater,  the  ^He  pressure 
in  the  bomb,  and  thus  in  the  Pomeranchuck  cell,  could  be 
increased  or  decreased  by  increasing  or  decreasing  the 
heater  current.  The  heater  current  was  supplied  by  a Kepco 
B0P36-5  bipolar  operational  amplifier  power  supply  whose 
output  was  driven  by  the  off-balance  signal  from  the  ^He 
strain  gauge  lock-in  amplifier.  Thus  the  power  supply 


C>  To  ^He  Storoge 
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provided  whatever  heater  current  was  necessary  to  hold  the 

3 

He  pressure  at  the  value  determined  by  the  setting  of  the 

3 

He  capacitance  bridge. 

The  response  time  of  this  system  increased  slowly 
4 

with  decreasing  He  pressure  because  of  the  increasing  com- 
pressibility of  the  ^He  gas  in  the  bomb.  For  this  reason 
the  system  was  usually  operated  with  a ^He  pressure  of  at 
least  0.5  MPa  where  the  system  response  time  was  less  than 
0.5  sec.  The  system  maintained'  the  He  pressure  constant 
to  within  100  Pa,  correspond! ng  to  a temperature  change  of 
approximately  30  yK,  before,  during,  and  after  the  applica- 
tion of  the  largest  heat  pulse  typically  used  in  this  ex- 
periment. 

The  heater  bias  current  was  manually  adjusted  immedi- 
ately after  each  heat  pulse  to  keep  the  lock-in  off-balance 
signal  small.  This  could  have  been  accomplished  automati- 
cally by  using  the  operational  amplifier  power  supply  as  an 
integrator,  that  is,  by  putting  a capacitor  in  the  feed- 
back loop.  It  was  found,  however,  that  this  tended  to  de- 
crease the  stability  of  the  system  causing  the  pressure  to 
oscillate  for  moderately  large  values  of  the  heater  current. 
Adj usti ng  the  bias  current  manually  was  very  little  trouble 
and  resulted  in  a significantly  improved  stability.  It  was 
possible  to  use  heater  currents  as  large  as  1.0  A,  which 
was  sufficient  to  produce  a He  pressure  increase  of  approx- 
imately 0.25  MPa,  or  10  percent  of  the  available  range. 
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Sol enoi d 


The  superconducting  solenoid  used  to  provide  the  mag- 
netic fields  in  this  experiment  was  constructed  of  0.0445  cm 
diameter  copper-coated  NbZr  wire  tightly  wound  on  a phenolic 
former.  The  field-to-current  ratio  at  the  center  of  the 
magnet  was  57.8  mT/A,  and  the  critical,  current  was  21.5  A 
yielding  a maximum  field  of  1.24  T.  The  magnet  was  designed 
according  to  a prescription  for  sixth-order  compensation 
given  by  Montgomery  and  Terrell  (1961).  While  the  field  may 
not  have  been  exactly  sixth-order  due  to  the  perturbing  ef- 
fects of  the  superconducting  material  from  which  the  magnet 
was  constructed,  the  homogeneity,  measured  over  a 0.32  cm 
diameter  by  1.27  cm  long  vo 1 ume ’ i ns i de  the  NMR  coils,  was 
better  than  3x10”^. 

The  magnet  consists  of  a main  coil  16.00  cm  long  with 
an  i.d.  of  5.28  cm  which  is  made  up  of  19  layers  of  360  turns 
each.  On  top  of  this  main  coil  are  two  compensating  coils 
wound  in  the  same  direction  as  the  main  coil  and  extending 
1.40  cm  from  either  end  of  the  main  coil  toward  the  center. 
Each  compensating  coil  consists  of  19  layers  of  31  turns 
each.  The  o.d.  of  the  main  coil  is  6.97  cm  and  that  of  the 
compensating  coils  is  8.66cm.  A persistent  switch  allowed 
the  magnet  to  be  operated  in  the  persisting  mode,  and  a 
bismuth  magnetoresistance  probe  was  used  to  provide  an  in- 
dication of  the  magnitude  of  the  field. 
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The  calculated  magnetic  field  along  the  solenoid 
axis  relative  to  that  at  the  center  is  shown  in  Fig.  11. 

The  cross-sectional  area  of  He  inside  the  Pomeranchuck 
cell  as  a function  of  position  along  the  solenoid  axis  is 
shown  in  the  same  figure.  The  magnet  was  positioned  so 
that  the  NMR  coils  in  the  cell  were  at  the  center  of  the 
magnet.  As  a result  the  top  end  of  the  cell  was  in  a field 
substantially  less  than  that  at  the  center  of  the  cell. 
However,  as  discussed  in  Chapter  IV,  this  had  no  effect  on 
the  results  of  the  present  experiment. 

Cryostat 

3 4. 

A He-  He  dilution  refrigerator  was  used  to  p re cool 
the  Pomeranchuck  cell  to  21-23  mK  prior  to  each  compression. 
The  mixing  chamber  of  this  refrigerator  contains  4 cm^  of 
sintered  copper  powder,  with  a surface  area  of  approximately 
4000  cm  , which  thermally  connects  the  mixing  chamber  body 
to  the  cold  liquid  within.  The  lowest  temperature  reached 
by  the  dilution  refrigerator  during  most  of  the  present 
work  was  approximately  20  mK.  Recent  refinements  in  the 
refrigerator  have  decreased  this  temperature  to  near  10  mK, 
thus  allowing  compressions  to  begin  as  low  as  13  mK. 

The  Pomeranchuck  cell  was  supported  by  a 1.27  cm  di- 
ameter nylon  rod  fastened  to  the  mixing  chamber.  Thermal 
contact  to  the  mixing  chamber  was  made  through  a tin  heat 


0.9H 


49 


(jUJO)><v 

m ^ rO  C\J  — o 


■o 

‘o 

c 

O) 

o 

in 


c 

o 


E 

o 


0) 

u 

c 

o 

</) 

b 


X 

c 

X) 

•r- 

o 

c: 

OJ 

o 

00 

<u 


cu 

-C 


<u 

-D 


O) 


4J-0 
O M- 


c 

o 


t/) 

o 


CO  • 
3 . 
VI 
S. 


<u 

> 


0) 


<U  r- 

JZ  »— 

o; 
o 

CO 

♦r~  ^ 
U 
C 3 
2 ^ 
o u 
x:  c 
to  fO 

o cu 

to  E 

ci|c  cS* 


<u 

c 

a 

rO 


“O 

<U 

CJ 

3 

"O 


a> 


50 


switch  made  with  a strip  of  99,999  percent  pure  tin  0.3  cm 
wide,  0.5  cm  long,  and  0.05  cm  thick.  The  ends  of  the  tin 
strip  were  attached  to  two  copper  stubs  by  carefully  heat- 
ing the  copper  until  the  tin  just  began  to  melt.  Eight  0.1 
cm  diameter  copper  wires,  welded  to  one  of  these  stubs, 
were  attached  to  the  mixing  chamber  body  with  #4-40  screws. 

A 0.2  cm  diameter  bundle  of  stranded  copper  wires  was  welded 
on  one  end  to  the  second  heat  switch  stub  and  on  the  other 
end  to  a U-shaped  copper  lug.  This  lug  was  then  clamped  to 
a tab  on  the  copper  Pomeranchuck  cell  insert. 

A small  solenoid  wound  around  the  tin  strip  was  capa- 
ble of  driving  the  tin  from  the  superconducting  (heat  switch 
"open")  to  the  normal  (heat  switch  "closed")  state  with  a 
current  of  1,2  A.  A superconducting  Nb^Sn  cylinder  placed 
around  the  heat  switch  assembly  shielded  it  from  the  fring- 
ing field  of  the  high-field  magnet  which  could  otherwise 
have  driven  the  tin  normal.  The  heat  leak  into  the  cell 
was  significantly  reduced  by  opening  the  heat  switch  during 
a compression  when  the  cell  was  colder  than  the  dilution 
ref ri gerator. 

Two  radiation  shields,  one  thermally  anchored  at 
0.6  K and  one  at  20  mK,  surrounded  the  cell  in  order  to 
further  reduce  the  heat  leak.  The  cell  was  centered  in  and 
kept  from  touching  the  wall  of  the  inner  shield  by  two  star- 
shaped Teflon  spacers  with  cotton-coated  tips.  One  spacer 
was  attached  to  the  bottom  of  the  cell  and  one  to  the  nylon 
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support  rod  just  above  the  cell. 

All  capillaries  and  electrical  leads  leading  to  the 
cell  were  thermally  anchored  at  4.2  K,  1 K,  0.6  K,  80  mK, 
and  20  mK.  The  two  He  filling  lines,  extending  from  the 
cell  to  the  top  of  the  cryostat,  are  Cu-Ni  capillaries  with 
inside  and  outside  diameters  of  0.025  and  0.050  cm,  respec- 
tively. The  same  type  of  capillary  was  used  for  the  single 

4 

He  filling  line  from  the  cell  to  the  dilution  refrigerator 
still  flange  at  0.6  K and  for  the  two  ^He  filling  lines 
which  extend  from  the  4.2  K flange  to  the  top  of  the  cryo- 
stat. Because  of  the  large  thermal  conductivity  of  liquid 

4 

He  near  the  A point,  a smaller  stainless  steel  capillary 

with  inside  and  outside  diameters  of  0.010  and  0.020  cm, 

respecti  vely , was  used  from  0.6  K to  4.2  K.  Three  1 cm^ 

liquid  reservoirs  in  the  ^He  filling  line  were  filled  with 

sintered  copper  powder  and  thermally  anchored  at  1 K,  0.6  K, 

and  80  mK,  respectively.  In  addition,  the  ^He  strain  gauge 

mounted  on  the  mixing  chamber  flange  at  20  mK  contains  a 

somewhat  smaller  volume.  These  reservoirs  insured  that  the 
4 

liquid  He  entering  the  Pomeranchuck  cell  during  a compres- 
sion had  been  adequately  p re  cooled. 

The  cryostat  is  supported  by  three  NRC  optical  table 
air  legs"  for  isolation  against  mechanical  vibrations.  In 
order  to  eliminate  the  noise  and  heating  effects  of  radio- 
frequency radiation,  the  experiment  was  performed  in  a room 
electrically  shielded  by  two  layers  of  copper  screen  wire. 


CHAPTER  IV 
PROCEDURE 

Initial  Preparations 


Before  discussing  the  data-taking  process  in  detail, 
we  will  briefly  outline  the  steps  involved  in  the  prelimi- 
nary cool-down  from  room  temperature.  Both  the  ^He  and  “^He 
chambers  of  the  Pomeranchuck  cell  were  pumped  put  for  ap- 
proximately 18  hours  at  room  temperature  prior  to  cooling 
down.  While  pumping  the  exchange  gas  can  with  a leak  de- 
tector,  the  He  and  He  chambers  of  the  cell  were  pressur- 
ized to  1.5  MPa  with  He  and  1.4  MPa  with  ^He,  respectively. 
Having  found  no  leaks,  the  chambers  were  flushed  several 
times  with  their  respective  gasses  to  remove  any  air  which 
might  have  remained  in  the  cell.  Care  was  taken  to  insure 

4 - 

that  the  He  pressure  in  the  cell  never  exceeded  the  "^He 
pressure,  since  this  negative  differential  pressure  would 
have  tended  to  crush  the  cell  diaphragm.  Finally  the  ^He 
chamber  was  evacuated  and  the  He  pressure  was  reduced  to 
0.4  MPa.  The  spare  filling  line  valves  were  closed  and  the 
exchange  gas  can  was  filled  with  10  kPa  of  air. 

Since  the  dewar  used  in  this  experiment  was  super- 
insulated  and  had  no  liquid  N2  jacket,  the  cryostat  was 
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precooled  by  filling  the  dewar  with  liquid  N^.  After  the 

innermost  parts  of  the  dewar  had  come  into  equilibrium  with 

the  liquid  N2  bath  at  77  K (this  required  about  four  hours) 

the  remaining  liquid  N2  was  back-transferred.  The  cell  was 

again  leak-checked,  this  time  to  3.5  MPa  in  the  ^He  chamber 

and  to  3.0  MPa  in  the  He  chamber.  Having  again  found  no 

leaks,  the  exchange  gas  can  was  filled  with  ^He  gas  at  a 

pressure  of  approximately  20  Pa,  and  a transfer  of  liquid 
4 

He  into  the  dewar  was  begun.  The  transfer  was  stopped 
when  liquid  ^He  just  began  to  collect  in  the  bottom  of  the 
dewar,  and  the  cryostat  was  allowed  to  cool  slowly  to  about 
12  K.  The  exchange  gas  can  was  then  pumped  for  at  least 
two  hours  before  resuming  the  liquid  "^He  transfer. 

After  the  dewar  had  been  filled  with  liquid  ^He,  the 
cold  plate  (continuously  filling  ^He  pot)  was  pumped  to  near 
1 K,  and  the  dilution  refrigerator  gas  was  allowed  to 
condense.  Circulating  the  dilution  refrigerator  gas  caused 
the  entire  refrigerator  to  cool  to  1 K.  ^He  and  ^He  were 
condensed  into  the  Pomeranchuck  cell  at  1 K,  and  the  ^He 

strain  gauge  was  calibrated  as  previously  described.  With 
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a He  pressure  in  the  cell  of  0.1  MPa,  the  -^He  pressure  was 

set  at  3.28  MPa.  The  dilution  refrigerator  was  then  allowed 
to  cool,  thus  forming  a solid  plug  in  the  ^He  filling  line. 
The  molar  volume  of  the  resulting  ^He  sample  was  such  that 
it  left  the  melting  curve  at  approximately  20  mK,  and  there- 
fore there  was  very  little  solid  present  in  the  cell  at  the 
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beginning  of  a compression. 

A common  problem  in  trying  to  form  a He  melting 
curve  sample  at  a particular  molar  volume  is  that  as  the 
sample  cools  through  the  melting  curve  minimum  the  solid 

3 

He  plug  in  the  filling  line  tends  to  slip,  thereby  in- 

3 

creasing  the  amount  of  He  in  the  sample  (that  is,  decreas- 
ing the  molar  volume).  This  problem  was  minimized  by  open- 
ing the  heat  switch  to  the  cell  just  after  the  plug  was 
formed  and  allowing  the  dilution  refrigerator  to  cool  to 
less  than  40  mK  (this  typically  required  about  three  hours). 
During  this  time  the  Pomeranchuck  cell  cooled  slowly  through 
the  open  heat  switch.  When  the  sample  in  the  cell  had  re- 
reached a pressure  approximately  10  kPa  above  the  melting 
curve  minimum,  the  heat  switch  was  closed,  and  the  sample 
cooled  through  the  minimum  very  quickly.  This  gave  the 
solid  plug  in  the  filling  line  very  little  time  to  melt, 
and  thus  reduced  the  chance  of  slippage.  As  a further  pre- 
caution  the  valve  in  the  He  filling  line  just  outside  the 
dewar  was  closed  before  the  minimum  was  passed  through, 
thus  limiting  the  amount  of  material  which  could  flow  into 
the  cell  if  the  plug  did  slip  slightly.  Once  the  sample 
had  passed  through  the  melting  curve  minimum,  plug  slippage 
was  no  longer  a problem,  and  the  valve  was  opened  so  that 
the  filling  line  pressure  could  be  monitored.  After  two 
days  of  cooling,  the  cell  was  at  approximately  25  mK  and 
ready  for  the  first  compression. 
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AQ/AV  Measurements 

Measurements  Above  the  Ordering  Region 

Two  techniques  were  used  for  measuring  AQ/AV.  With 
the  first  method,  used  everywhere  except  near  and  below  the 

O 

solid  ordering  region,  the  He  pressure  regulation  system 
was  used  to  maintain  a constant  He  pressure  (and  tempera- 
ture) shortly  before,  during,  and  after  the  application  of 
a pulse  of  heat  aQ  to  the  copper  wire  heater  inside  the  cell 
A typical  chart  recorder  trace  of  and  versus  time  with 
this  technique  is  shown  in  Fig.  12.  During  the  pulse  there 
were  two  contributions  to  the  total  heat  input  into  the  cell 
the  applied  heat  and  that  from  heat  leaks.  Each  of  these 
contributed  to  the  ^He  pressure  change  and  the  resulting 
volume  change  required  to  keep  the  temperature  constant. 

By  an  extrapolation  of  P4(t.)  before  and  after  the  pulse  to 
the  center  of  the  pulse,  the  change  in  P^  at  the  center, 

AP^,  was  measured  corresponding  to  the  applied  heat  only 
(see  Fig.  12).  From  equation  (3.2)  the  volume  change  cor- 
responding to  AQ  is  simply  AV  = aAP^  (since  AP3  = 0). 

3 

At  a given  He  pressure  typically  three  to  five 
measurements  were  made,  varying  the  length  of  the  pulse, 
the  heater  current,  or  the  total  heat  input  each  time.  The 
resulting  AQ/AV  values  were  averaged.  The  pulses  ranged 
from  1 to  10  seconds  in  length,  and  the  amount  of  solid 
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Typicdl  Chdrt  RGCordGr  TracG  of  P3  and  P4  vgtsus  TimG. 
B = 1.2  T;  P3  = 3.42595  MPa;  AQ  = 75.4  Grgs;’ 

AP.  = 6.77  kPa;  Av  = 3.91x10"^  cm^;  T = 4.85  mK. 
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formed  during  each  pulse  was  typically  0.004  to  0.016  cm^. 
This  required  heat  pulses  of  6-30  ergs  at  the  lowest  temper- 
atures and  up  to  300  ergs  at  higher  temperatures . The  scat- 
ter in  a set  of  measurements  at  a single  pressure  was  gen- 
erally less  than  1 percent,  and  no  systematic  dependence  on 
pulse  length  or  magnitude  was  observed. 

Measurements  Near  the  Ordering  Region 

Because  of  the  decrease  in  solid  entropy  near  the 
ordering  region  the  cooling  power  of  a Pomeranchuck  cell  is 
reduced,  and  much  higher  compression  rates  are  required  to 
maintain  a constant  He  temperature.  For  this  reason  a 
second  technique  was  used  to  measure  AQ/AV  at  the  lowest 
temperatures.  In  this  case  the  cell  was  compressed  at  a 
constant  rate  P-,  and  a heating  rate  Q was  applied  which 

3 

caused  the  He  pressure  to  level  off  at  some  value  P^.  The 
total  heating  rate  Q,  equal  to  the  applied  rate  Q plus  the 
heat  leak  rate  Q^,  was  then  exactly  canceled  by  the  cooling 

produced  by  the  compression  rate  V = aP^.  Thus  AQ/AV  for 

• • 

that  value  of  P^  was  equal  to  Q/V.  Additional  points  were 

• • 

obtained  by  changing  or  V or  both,  thereby  causing  the 
3n 

He  pressure  to  level  off  at  some  new  value.  For  the  low- 
est temperature  points  no  external  heat  at  all  was  applied, 
and  the  compression  rates  used  were  as  high  as  V = 10'^ 
cm  /sec  corresponding  to  the  formation  of  solid  at  a rate 
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of  8x10  moles/sec, 

Tho  data  taken  with  this  latter  technique  were  sub- 
ject to  larger  errors  than  those  taken  with  the  heat  pulse 
method  because  of  an  uncertainty  as  large  as  20  percent  in 
the  heat  leak.  However,  this  rather  large  uncertainty  in 
the  lowest  temperature  data  does  not  affect  the  melting 
curves  obtained  through  equation  (2,4)  except  below  the 
ordering  region.  Thus,  while  the  uncertainty  in  the  order- 
ing temperatures  obtained  form  these  melting  curves  is  de- 
termined by  that  of  the  higher  temperature  data  only,  the 
exact  shape  of  a calculated  entropy  curve  below  the  order- 
ingregionislessaccurate. 

The  heat  leak  was  measured  (as  discussed  in  Appendix 
B)  at  typically  five  points  just  above  the  ordering  region, 
where  AQ/AV  had  previously  been  measured  by  the  heat  pulse 
method.  The  heat  leak  was  usually. not  constant  and  thus 
had  to  be  extrapolated  to  the  region  of  interest.  There 
were  two  opposing  factors  which  caused  the  heat  leak  to 
vary.  First,  the  heat  leak  tended  to  decrease  with  time  at 
a constant  cell  temperature.  Because  of  the  long  thermal 
time  constant  of  solid  He  at  very  low  temperatures,  there 
was  usually  some  bulk  solid  in  the  cell  which  was  warmer 
than  the  temperature  of  the  liquid-solid  interface.  This 
warmer  solid  contributed  substantially  to  the  total  effec- 
tive heat  leak  which  then  decreased  as  the  solid  slowly 
cooled.  Second,  the  effective  heat  leak  tended  to  increase 
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with  the  extremely  high  compression  rates  used  to  obtain 
the  lowest  temperature  points.  This  effect  was  caused  by 
frictional  heating  in  the  solid  being  compressed. 

The  heat  leak  usually  decreased  by  5 to  10  percent 
over  the  course  of  five  measurements  just  above  the  order- 
ing region.  A constant  value  for  the  heat  leak,  generally 
equal  to  or  slightly  less  than  the  lowest  measured  value, 
was  used  in  the  determination  of  Q.  This  total  heat  leak 
was  typically  near  1 erg/sec.  The  external  heat  leak  into 
the  cell  was  at  least  an  order  of  magnitude  less  than  this. 

General  Comments  Concerning  the  Data 

Effects  of  Magnetic  Field  I nhomogenei ty 

As  pointed  out  in  the  preceding  chapter  the  He  in 
the  top  section  of  the  cell  was  in  a magnetic  field  consid- 
erably less  than  that  near  the  center  of  the  cell.  From 
Fig.  11  it  may  be  seen  that  20  percent  of  the  cell  volume 
was  in  a field  at  least  1 percent  less  than  the  central 
field,  and  9 percent  of  the  volume  was  in  a field  at  least 
30  percent  less.  The  thermal  properties  which  were  being 
measured,  however,  were  those  of  solid  which  was  just  being 
formed  at  some  liquid-solid  interface  in  the  cell.  Because 
of  the  negative  latent  heat  of  He,  new  solid  tends  to  form 
in  the  warmest  part  of  the  cell.  Therefore,  during  the  ap- 
plication of  a heat  pulse  essentially  all  the  solid  being 
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formed  was  on  or  near  the  He  heater,  and,  as  indicated  in 
Fig.  n,  this  heater  was  in  a quite  uniform  field  near  the 
center  of  the  solenoid.  The  lowest  temperature  poi nts  taken 
with  the  second  technique  required  no  applied  heat.  However, 
as  discussed  in  the  following  chapter,  the  ^He  melting  curve 
is  depressed  in  a magnetic  field  with  the  magnitude  of  the 
effect  most  pronounced  at  the  lowest  temperatures . This  ef- 
fect tends  to  cause  solid  to  form  in  the  highest  magnetic 
field.  Therefore  in  each  case  the  properties  being  measured 
were  those  of  solid  in  the  central  magnetic  field,  and  the 
field  inhomogeneity  should  have  had  no  effect  on  the  meas- 
urements . 

As  a check  on  the  validity  of  these  arguments,  sev- 
eral measurements  were  made  in  a field  of  1,2  T during  a sub- 
sequent experimental  run  after  the  magnet  had  been  reposi- 
tioned so  that  no  part  of  the  cell  was  in  a field  less  than 
90  percent  of  the  central  field.  After  accounting  for  a 
3.8  percent  change  in  the  cell  diaphragm  spring  constant 
(see  Appendix  A),  the  data  were  in  excellent  agreement  with 
those  which  had  been  taken  in  the  less  homogeneous  field. 

Effect  of  Solid  Formation  on  the  Heater  Surface 

As  mentioned  above,  with  each  heat  pulse  additional 
solid  was  formed  on  the  surface  of  the  ^He  heater.  Because 
of  its  low  thermal  conductivity  this  solid  acted  as  a thermal 
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insulator.  Thus,  if  the  entire  heater  surface  had  become 
coated  with  a thick  layer  of  solid,  the  heat  pulses  would 
have  been  "smeared  out"  in  time,  and  the  quality  of  the 
data  would  have  been  reduced  considerably. 

The  heater  used  in  this  experiment  was  designed  to 
avoid  this  problem  as  much  as  possible.  The  heater  has  a 
large  surface  area  ( a pp rox i ma tel y 32  cm^)  and  is  distributed 
throughout  a fairly  large  fraction  of  the  total  cell  volume. 
Thus  a considerable  amount  of  solid  would  have  been  required 
to  heavily  coat  the  entire  heater  surface.  Furthermore,  the 
heater  is  made  of  copper  wire  with  good  thermal  conductivity. 
Therefore,  if  a short  section  of  the  wire  became  heavily 
coated  with  solid,  then  the  heat  generated  in  that  section 
was  conducted  along  the  wire  to  some  nearby  section  where 
there  was  less  solid. 

This  heater  design  usually  allowed  as  many  as  50  heat 

pulses  to  be  made  without  any  noticeable  effects  of  solid 

buildup  on  the  surface.  At  some  point,  however,  the  re- 

3 

sponse  time  of  the  He  pressure  regulator  seemed  to  increase, 
and  the  He  pressure  trace  began  to  develop  an  exponential- 
like "tail"  following  a heat  pulse.  Furthermore,  a set  of 
measurements  at  a given  temperature  began  to  show  a general 
trend  towa rd. i nc rea s i ng  values  of  AQ/AV  from  the  first  to 
the  last  measurement.  These  effects  indicated  that  an  in- 
creasing fraction  of  each  heat  pulse  was  heating  up  solid 
already  on  the  heater  surface  instead  of  forming  new  solid. 
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Such  data  were  discarded,  and  in  no  case  were  more  than  40 
points  from  a single  compression  used. 

On  several  occasions  the  final  set  of  measurements 
during  a given  compression  were  made  at  the  same  ^He  pres- 
sure as  the  initial  set  to  look  for  possible  effects  on  the 
data  due  to  the  increased  solid  fraction  in  the  cell.  The 
two  sets  of  data  were  always  in  agreement,  provided  the 
above-mentioned  indications  of  excess  solid  formation  had 
not  been  observed. 

High  Temperature  Data 

In  some  instances  the  effects  just  discussed,  which 
seemed  to  be  indicative  of  excess  solid  formation  on  the 
heater,  became  noticeable  very  early  in  a compression  after 
only  a few  data  had  been  taken.  This  occurred  only  when 
the  initial  data  were  taken  above  about  12  mK  and  was  most 
troublesome  in  the  lower  magnetic  fields.  It  never  occur- 
red when  measurements  were  begun  below  about  9 mK,  and  in 
a field  of  1.2  T it  happened  only  once  out  of  ten  compres- 
sions, in  some  of  which  the  measurements  had  been  started 
as  high  as  20  mK.  The  reason  for  this  behavior  is  not  fully 
understood.  Because  of  this  difficulty,  and  since  the  data 
in  all  magnetic  fields  investigated  seem  to  converge  (with- 
in the  experimental  scatter)  above  about  6 mK,  the  data  ob- 
tained in  1.2  T above  8.2  mK  were  used  for  all  magnetic 


fields. 
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Data  Reduction 

Data  were  taken  as  described  in  the  preceding  sec- 
tions in  magnetic  fields  of  0.0,  0.3,  0.4,  0.6,  0.9,  and 
1.2  T,  The  measurements  were  made  over  a period  of  three 
months  at  a rate  of  one  compression  every  two  to  three  days. 
For  each  field  the  raw  data,  in  the  form  AQ/AP^,  were  plot- 
ted versus  on  a large  (Im  x Im)  piece  of  graph  paper, 
and  an  "eyeball  fit"  line  was  drawn  through  the  points. 

The  scatter  in  the  points  about  this  line  was  typically 
1-2  percent.  A sample  of  the  data  covering  the  region  below 
about  3 mK  is  shown  in  Fig.  13  where  the  ordinate  has  been 
converted  to  AQ/AV  (=  a'^AQ/AP^).  Two  of  the  fields  have 
been  omitted  for  clarity. 

From  the  "eyeball"  curves  through  the  raw  data  in 

each  field,  approximately  200  points  were  determined  and 

used  to  numerically  evaluate  the  integral  in  equation  (2.4). 

At  the  lowest  pressures  (highest  temperatures)  the  points 

were  spaced  690  Pa  apart.  The  interval  was  decreased  as 

the  curvature  in  the  data  increased,  and  near  the  ordering 

region  the  points  were  taken  at  35  Pa  intervals.  A computer 

program  was  used  to  convert  the  raw  data  to  AQ/AV  in  the 

appropriate  unit  system  (pressure  units)  and  to  evaluate 

T(P)  at  every  other  data  point  by  equation  (2.4)  using  a 

Simpson's  rule  integration  routine.  The  values  of  T and 

0 

^0  were  16.88  mK  and  3.37830  MPa,  respectively,  from 
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the  zero-field  melting  curve  of  Halperin  (1975a;  Halperin 
^ , 1 975b).  Finally,  the  program  calculated  (dP/dT) 

m 

and  s^(t)  at  each  temperature  using  equations  (2.2)  and 
(2.5),  respecti vely . Values  of  AQ/AV  as  a function  of  P 
as  well  as  the  calculated  values  of  T,  (dP/dT)^,  and  s^ 
are  tabulated  in  Appendix  C.  These  results  are  discussed 
in  the  following  chapter. 
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CHAPTER  V 


RESULTS  AND  DISCUSSION 


Raw  Data 


Without  further  analysis,  several  interesting  obser- 
vations may  be  made  from  the  raw  data  AQ/AV  [=  T(dP/dT)^] 
shown  in  Fig.  13.  In  higher  fields  T(dP/dT)^  falls  gradu- 
ally below  that  for  lower  fields  reflecting  the  expected 
depression  of  the  melting  curve  by  the  field.  In  low 
fields  a pressure  is  reached  where  T(dP/dT)^  undergoes  a 
rapid  decrease  with  increasing  pressure.  This  feature  is 
identified  with  the  onset  of  ordering  in  the  solid.  For 
B < 0.4  T it  happens  that  the  ordering  occurs  at  essen- 
tially the  same  pressure  in  each  field.  Since  the  melting 
curve  is  depressed  in  a field  this  indicates  that  the  order 
ing  temperature  is  lowered  by  increasing  fields  in  this 
range.  In  higher  fields  the  character  of  the  ordering 
seems  to  change  dramatically  with  the  ordering  region  be- 
coming much  broader  and  decreasing  in  pressure  with  increas 
ing  fields.  The  significance  of  these  features  will  be  dis 
cussed  following  the  analysis  of  the  data. 
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Melting  Curves 

The  melting  temperature  as  a function  of  pressure 
was  obtained  from  the  aQ/aV  data  in  each  field  as  outlined 
in  the  preceding  chapter.  The  results  are  tabulated  in 
Appendix  C,  and  the  region  below  3 mK  is  shown  in  Fig.  14. 
From  the  figure  it  may  be  seen  that  our  earlier  remarks 
about  the  depression  of  the  melting  curve  by  the  field  are 
borne  out  by  the  data.  The  effect  of  the  solid  ordering 
on  the  melting  curves  is  also  apparent  from  the  figure. 

In  low  fields,  B _<  0.4  T,  the  melting  curves  abruptly  be- 
come very  flat  at  a temperature  corresponding  to  the  solid 
ordering,  and  the  ordering  temperature  is  depressed  by  the 
field.  For  B 0.6  T the  change  in  slope  is  more  gradual 
and  is  shifted  to  higher  temperatures  by  the  field.  Cor- 
responding effects  will  be  seen  in  the  solid  entropy,  and 
their  significance  will  be  discussed  following  the  presen- 
tation of  the  entropy  in  the  next  section. 

In  addition  to  yielding  information  about  the  mag- 
netic  ordering  of  solid  He,  the  melting  pressure  versus 
temperature  relationship  provides  an  absolute  thermodynamic 
temperature  scale  in  each  field.  Because  extremely  accurate 
pressure  measurements  are  possible  with  capacitive  strain 
gauges,  these  melting  pressures  offer  a convenient  and  re- 
liable means  of  thermometry  at  very  low  temperatures  and 
in  moderate  magnetic  fields. 
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f'iQ-  14.  Melting  Curves.  Melting  pressure  versus  tempera- 
tul^e  for  various  magnetic  fields.  From  the  top 
of  the  figure,  the  curves  are  for  B = 0.0,  0.3, 
0.4,  0.6,  0.9,  and  1.2  T.  The  pressure  scale  has 
been  adjusted  so  that  the  A transition  of  liquid 
dHe  in  zero  field  is  at  3.43420  MPa. 
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The  absolute  accuracy  of  our  temperature  scale  in 
each  field  is  estimated  to  be  about  8 percent  with  the  re- 
lative precision  somewhat  better  than  this.  Our  zero-field 
results  are  consistent  with  those  of  Halperin  £t  (1974, 
1975b;  Halperin,  1975a)  within  our  combined  uncertainties. 
As  a comparison  of  our  temperature  scales  we  find  the  A and 
B*  transitions  in  liquid  ^He  to  be  at  = 2.68  mK  and 
Tg,  = 2.10  mK  and  the  solid  ordering  temperature  (see  the 
following  section)  to  be  at  = 1.03  mK  in  zero  field. 

The  corresponding  values  of  Halperin  ^ a^.  are  2.75  mK, 
2.18  mK,  and  1.10  mK,  respecti vely . 

Solid  Entropy 

The  effects  of  a magnetic  field  on  nuclear  spin  or- 
dering  in  solid  He  are  most  easily  seen  in  the  entropy 
versus  temperature  curves.  These  are  shown  below  2.6  mK 
in  Fig,  15  where  two  of  the  fields  investigated  have  again 
been  omitted  for  clarity.  Above  the  ordering  region  there 
is  a decrease  in  the  entropy  in  a field  relative  to  that 
for  zero  field  because  of  spin  alignment  by  the  field. 

This  effect  is  responsible  for  the  depression  of  the  melt- 
ing curve  by.  the  field  discussed  in  the  preceding  section. 
For  low  fields  the  entropy  drops  precipitously  near  1 mK 
indicating  an  ordering  transition  in  the  solid,  and  the 
transition  temperature  decreases  in  increasing  fields  for 
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T (mK) 


Fig,  15.  Solid  Entropy  versus  Temperature . 

Curves  A and  B show  low-field  behavior;  curves 
C and  D show  high-field  behavior.  Two  of  the 
fields  investigated  have  been  omitted  for  clarity. 


71 


B < 0.4  T. 

The  character  of  s^(T,B)  is  completely  different  for 
B ^ 0.6  T.  Now  the  reduction  in  entropy  occurs  more  gradu- 
ally, and  the  position  of  the  ordering  temperature,  defined 
as  the  maximum  in  the  specific  heat  c = Tds/dT,  moves  u p in 
temperature  with  increasing  fields.  These  conclusions  are 
each  related  to  the  features  of  the  AQ/AV  [T(dP/dT)^]  data 
of  Fig.  13  and  are  supported  qualitatively  by  these  raw  data. 


Magnetic  Phase  Diagram 


The  ordering  temperature  versus  field  is  listed  in 
Table  2 (Appendix  D)  and  plotted  in  Fig.  16  (the  line  la- 
beled T^g  will  be  discussed  later).  From  this  magnetic 
phase  diagram  and  from  the  entropy  curves  of  Fig.  15  it  is 
clear  that  the  nature  of  the  ordering  which  we  have  observed 


is  qualitatively  different  in  low  and  in  high  fields.  An- 
other way  of  demonstrating  this  fact  is  provided  by  Fig.  17. 


Here  we  have  plotted  AP  (B) 

max'  ' 


B 


where  P 


max  ^ maximum  melting  pressure  reached  in 
a compression.  Compressions  have  been  performed  in  several 
fields  between  0.4  and  0.6  T [for  which  the  T(dP/dT)|^  data 
are  incomplete]  to  determine  where  the  change  from  low-field 
to  high-field  behavior  occurs  and  to  determine  whether  this 
change  occurs  gradually  or  disconti nuous ly . For  B < 0.40  T, 
^^max  ~ about  0.41  T there  is  a rapid  rise  toward 


(1)9 
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16,  Magnetic.  Phase  Diagram.  Magnetic  field  versus 
ordering  temperature  (maximum  in  the  specific 
heat,  c = Tds/dT),  closed  circles.  The  lines 
drawn  through  the  points  are  merely  to  aid  the 
eye.  The  open  circles  show  our  location  of  the 
ti^ansition  between  the  superfluid  phases  of 
liquid  -^He  (see  Appendix  D). 
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Maximum  Pressure  and  Width  of  Ordering  Region  versus 
The  line  shows  the  field  dependence  of  found  at 

higher  fields.  The  inset  shows  the  "width"  of  the' 
ordering  region  (relative  scale)  versus 
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2 

the  previously  observed  B dependence  of  this  quantity  in 
higher  fields  (Osheroff  ^ , 1 972).  A more  dramatic 

change  occurs  in  the  "width"  of  the  ordering  region.  This 
is  a qualitative  feature  which  we  take  here  to  be  the  dif- 
ference in  particular  compression  rates  dif- 

2 

fering  by  about  a factor  of  5.  The  width  versus  B is  shown 
in  the  inset  of  Fig.  17.  There  appears  to  be  a discontinu- 
ous or  very  rapid  increase  in  this  quantity  for  B = 0.41  T. 
Thus  it  seems  that  the  change  in  the  nature  of  the  ordering 
occurs  rather  suddenly  at  about  0.41  T. 

Interpretation  of  Results 

Tenative  Identification  of  Types  of  Ordering 

While  it  is  not  possible  from  the  present  data  alone 
to  identify  positively  the  type  or  types  of  ordering  which 

3 

we  have  observed  in  solid  He,  we  can  make  some  reasonable 
speculations  based  on  the  shapes  of  the  entropy  curves  and 
the  phase  diagram  which  we  have  obtained.  Bearing  in  mind 
the  typical  antiferromagnet  phase  diagram  shown  in  Fig.  5, 
one  possible  interpretation  of  Fig.  16  is  that  the  1 ower 
branch  of  the  curve  is  the  paramagnetic- to-antiferromagneti c 
phase  boundary  and  that  the  dashed  line  at  higher  fields  is 
the  paramagnetic-to-spin-f lop  boundary.  With  this  interpre- 
tation the  spin-flop  field  B^p  would  be  somewhat  less  than 
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0.41  T.  As  discussed  in  Chapter  II,  however,  B^p  depends 
on  the  crystal  anisotropy,  and  the  expected  source  of  aniso- 

3 

tropy  in  solid  He  is  the  very  small  dipolar  field  which 
leads  to  a value  of  B^p  many  orders  of  magnitude  less  than 
would  be  indicated  by  Fig.  16  (see,  for  example,  Landesman, 
1970).  Furthermore,  it  is  difficult  with  this  interpreta- 
tion to  explain  the  large  increase  of  the  paramagneti c- to- 
sp in-flop  transition  temperature  with  increasing  fields. 

A second  interpretation  of  Fig.  16,  which  we  believe 
is  much  more  likely,  is  that  the  low-field  curve  (below 
0.41  T)  represents  a paramagne t i c- to- s p i n- f 1 op  phase  tran- 
sition, and  that  the  specific  heat  peaks  for  higher  fields 
do  not  indicate  an  actual  phase  transition  but  simply  the 
paramagnetic  ordering  of  the  spins  by  the  applied  field. 

The  very  sharp  drop  in  entropy  in  low  fields  almost 
certainly  indicates  some  kind  of  phase  transition.  Based 
on  the  behavior  of  a simple  almost-isotropic  anti ferromag- 
net  discussed  in  Chapter  II,  a spin-flop  phase  is  a likely 
candidate  for  the  ordered  phase  in  non-zero  magnetic  fields, 
and  an  anti ferromagneti c phase  probably  exists  near  B = 0. 

If  this  interpretation  is  correct  the  data  seem  to  indicate 
a critical  field  B^  (cf.  Fig.  5)  about  an  order  of  magnitude 
less  than  the  7.4  T value  predicted  by  the  HNN  model  (see, 
for  example,  Walstedt  ^ aj_.  , 1971). 

If  the  points  above  B = 0.41  T also  represent  a phase 
transition,  then  it  appears  to  be  of  an  entirely  different 
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nature  from  that  at  lower  fields.  It  is  probably  more  rea- 
sonable to  assume  that  these  points  represent  paramagnetic 
ordering  by  the  applied  field.  This  assumption  is  quali- 
tatively consistent  with  the  observed  field  dependence  of 
the  ordering  temperature  and  the  relatively  gradual  decrease 
in  entropy  observed  for  these  fields.  It  is  interesting 
to  note  that  the  ordering  temperature  (heat  capacity  peak) 
as  a function  of  field  which  we  have  obtained  for  B > 0.41  T 
is  the  same  as  that  of  a system  of  noninteracting  spin-1/2 
particles  in  a magnetic  field  about  1.2  T greater  than  the 
actual  applied  field.  This  might  suggest  that  the  spin  in- 
teractions produce  an  effective  local  (internal)  field  which 
enhances  the  applied  field  — that  is,  that  there  is  some 
effective  ferromagnetic  interaction  in  these  fields.  As 
shown  in  Fig.  18,  however,  the  ordering  region  for  the  non- 
interacting system  is  much  broader  than  that  which  we  have 
observed  for  solid  ^He.  The  comparison  of  the  two  is  only 
intended  to  support  qualitatively  the  idea  that  paramagnetic 
ordering,  modified  by  spin  interactions  in  the  solid,  could 
lead  to  the  general  type  of  behavior  observed  for  solid  ^He 
above  0.41  T. 

Another  curious  feature  seen  in  Fig.  16  is  that  the 
curve  labeled  T^g  , correspond! ng  to  the  transition  between 
the  two  superfluid  phases  of  liquid  ^He  (see  Appendix  D), 
seems  to  intersect  the  solid  ordering  curve  at  about  0.45  T, 
very  near  the  field  at  which  the  solid  changes  behavior. 
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Comparison  of  Solid  He  Entropy  with  that  of  a System  of  Non- 
interacting Spin-1/2  Particles. 
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While  we  believe  that  it  is  highly  unlikely  that  these  phe- 
nomena are  related,  it  should  be  pointed  out  that  the  mea- 
sured quantities  relate  to  processes  occurring  at  the  liquid- 
solid  interface  and  that  the  bulk  solid  is  not  in  thermal 
equilibrium  with  the  interface. 

Johnson  and  Cohen's  Analysis 

Johnson  and  Cohen  (1975b)  have  reported  an  analysis, 
in  terms  of  the  HNNN  Hamiltonian,  of  the  present  results 
along  with  those  of  other  recent  experiments  on  the  melting 
curve  and  conclude  that  the  data  can  be  described  consis- 
tently only  with  ferromagneti c nearest-neighbor  and  anti- 
ferromagnetic next-nearest-neighbor  exchange  constants. 

Such  exchange  constants  would  imply  type-2  anti  ferromagnet- 
ism (see,  for  example.  Smart,  1966),  which,  for  a bcc  lat- 
tice, may  be  represented  in  zero  field  by  two  interpenetrat- 
ing simple  cubic  sublattices  which  independently  exhibit 
anti  ferromagnetic  order.  In  a magnetic  field  one  has  an 
AF2  spin-flop  system  which  consists  of  a simple  spin-flop 
system  on  each  sublattice  with  an  interaction  between  the 
sublattices  through  their  net  magnetization. 

Johnson  and  Cohen's  results  are  shown  in  Fig.  19 
along  with  the  orderi ng  . temperatures  determined  in  the 
present  experiment.  The  dashed  line  represents  the  spe- 
cific heat  peak  in  the  paramagnetic  phase,  and  the  solid 
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Fig.  19.  Johnson  and  Cohen's  Phase  Diagram.  The  solid 
line  represents  a paramagnetic- to-AF2  spin- 
flop  transition,  and  the  dashed  line  shows 
the  location  of  the  paramagnetic  specific 
heat  peak.  The  points  are  from  the  present 
work. (After  Johnson  and  Cohen,  1975b.) 
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line  is  the  calculated  phase  boundary  between  the  paramag- 
netic and  AF2  spin-flop  phases.  While  the  data  seem  to 
agree  remarkably  well  with  these  curves,  the  agreement  may 
be  somewhat  misleading.  This  will  be  discussed  below,  fol- 
lowing an  outline  of  Johnson  and  Cohen's  method  of  analysis. 

The  authors  use  a high  temperature,  but  arbitrary 
field,  expansion  of  the  HNNN  partition  function  to  obtain 
an  expression  for  the  specific  heat  maximum  in  the  B-T  plane 
for  the  paramagnetic  phase.  Retaining  only  the  lowest  order 
term  in  T,  the  authors  fit  this  expression  to  our  highest 
temperature  point  (1.60  mK  at  1.2  T)  and  thereby  obtain 
c = A]  + (3/4)A2  = 0.26  mK.  The  result  is  the  dashed  line 
in  Fig.  19.  One  might  seriously  question  the  use  of  a trun- 
cated high  temperature  expansion  at  such  a low  temperature, 
especially  since  the  expression  is  fitted  to  a single  exper- 
imental point. 

Nevertheless,  if  we  assume  that  the  above  value  of  c 
is  reliable,  we  still  need  a second  relation  between  A-|  and 
A2  in  order  to  determine  them  separately.  For  this  purpose 
the  authors  use  a high  temperature  expansion  for  As,  the 
deviation  of  the  entropy  from  Rln2  in  zero  field,  to  deter- 
mine the  quantity  d = A^  + O/AjA^.  The  solid  entropy  may 
be  determined,  as  in  the  present  work,  from  the  melting 
curve  slope.  Unfortunately,  however,  this  procedure  can 
lead  to  a very  large  uncertainty  in  the  value  of  d obtained. 
This  is  due  to  the  fact  that  in  the  region  where  the  high 
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temperature  expression  for  As  is  expected  to  be  valid.  As 
itself  is  small  compared  to  the  typical  experimental  uncer- 
tainty. At  10  mK,  for  example.  As  i s less  than  3 percent 
of  the  entropy  itself,  and  even  at  5 mK,  where  the  validity 
of  a high  temperature  expansion  is  certainly  questionable, 
As/s  is  less  than  9 percent.  It  is  not  surprising,  then, 
that  melting  curves,  obtained  by  different  investigators, 
which  agree  to  within  a few  percent  yield  widely  varying 

values  of  d.  The  melting  curve  reported  by  Collan  (1974)^ 

2 

yields  d = 0.64  mK  , while  that  of  Halperin  (1975a;  Halperin 

2 

et  al . , 1 975b)  yields  d = 1.1  mK  , and  our  own  zero-field 

2 

data  indicate  d = 1.7  mK  . 

Considering,  for  the  moment,  Collan's  value  of  d and 
the  value  of  c obtained  as  described  above,  one  obtains 
A-|  = 0.656  mK  and  ~ -0.528  mK.  These  values  may  then  be 
used  to  calculate  the  magnetic  phase  diagram  from  mean  field 
theory.  A straightforward  application  of  the  mean  field 
equation  for  the  paramagneti c- to- AF2  spin-flop  phase  bound- 
ary yields  a zero-field  transition  temperature  higher  than 
observed.  Thus  the  authors  rescaled  the  equation  to  yield 
the  observed  zero-field  transition  temperature,  and  the  re- 
sult is  the  solid  curve  in  Fig.  19. 

If  Halperin's  or  our  own  value  of  d is  used,  the  fit 

^In  this  experime.nt  the  zero-field  melting  temperature  was 
determined  down  to  2.6  mK  from  measurements  of  the  viscosity 
of  liquid  ^He  in  a Pomeranchuck  cell  by  using  an  assumed  T"^ 
temperature  dependence  of  the  viscosity  as  predicted  by  Fermi 
liquid  theory. 
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to  the  experimental  data  is  not  as  good.  In  each  case  the 
shape  of  the  phase  boundary  is  similar  to  that  shown  in  the 
figure,  but  the  B axis  is  scaled  so  that  the  critical  field 
is  1.56  T for  Halperin's  value  of  d and  is  2.43  T for  our 
own  value.  It  should  again  be  emphasized,  however,  that  all 
three  values  of  d as  well  as  the  value  of  c are  subject  to 
large  uncertainties  and  should  be  used  with  caution.  The 
actual  magnitude  of  the  uncertainty  in  each  case  is  difficult 
to  estimate  because  of  the  problem  of  deciding  exactly  how 
low  the  various  high  temperature  expressions  should  be  valid. 

The  exchange  constants  obtained  by  this  analysis  are 
qualitatively  consistent  with  one  of  the  four  sets  derived 
previously  by  Johnson  and  Cohen  (1975a)  from  experiments  at 
lower  molar  volumes  (their  set  III  has  > 0 and  < 0). 

The  present  analysis,  however,  implies  a positive  Weiss 
constant  (0  = 4c).  Thus,  to  be  consistent  with  suscepti- 
bility measurements  at  lower  molar  volumes  (see  Chapter  I), 

0 would  have  to  change  sign  at  some  molar  volume  between 
24.0  and  24.24  cm^/mole. 

Concluding  Remarks 

We  have  reported  here  the  first  determination  of  the 
entropy  of  solid  He  in  magnetic  fields  at  temperatures  low 
enough  to  observe  magnetic  ordering  of  the  nuclear  spins, 
and  have  thereby  been  able  to  construct  a portion  of  the 
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3 

magnetic  phase  diagram  of  solid  He.  In  low  fields  the  or- 
dering occurs  over  a very  narrow  temperature  interval,  and 
the  ordering  temperature  is  depressed  by  the  field.  At 
about  0.41  T the  character  of  the  ordering  suddenly  changes, 
with  reduction  in  entropy  now  occurring  more  gradually  and 
the  ordering  temperature  increasing  with  increasing  fields. 

We  interpret  the  low-field  ordering  to  represent  a magnetic 
phase  transition  and  suggest  that  the  ordered  phase  is  prob- 
ably an  anti ferromagneti c or  spin-flop  phase.  The  ordering 
in  higher  fields  is  believed  to  represent  paramagnetic  order- 
ing of  the  spins  by  the  applied  field. 

Johnson  and  Cohen  (1975b)  have  reported  an  analysis 
which  indicates  that  a model  assuming  type-2  anti  ferromag- 
netic ordering  with  ferromagnetic  nearest-neighbor  and  anti- 
ferromagnetic next-nearest-neighbor  exchange  could  fit  our 
results.  This  analysis,  however,  involves  the  use  of  high- 
temperature  expressions  in  a region  where  their  validity  is 
questionable.  It  is  nevertheless  an  interesting  idea,  and 
is  an  example  of  the  kind  of  analysis  which  could  be  per- 
formed if  more  general  theoretical  expressions  for  various 
thermodynami c properties  of  the  solid  were  available. 

Much  more  information  about  the  magnetic  nature  of 
3 

solid  He  could  be  obtained  from  these  results  if  the  cur- 
rent theories  of  exchange  could  be  extended  to  lower  temper- 
atures. Practically  all  of  the  present  theoretical  predic- 
tions  of  the  behavior  of  solid  He  are  based  on  expansions 
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of  the  partition  function  which  are  not  valid  near  the  or- 
dering region.  If  more  general  expressions  could  be  devel- 
oped, the  present  data  could  help  to  determine  what,  if  any, 
model  Hamiltonian  is  appropriate  for  solid  He.  It  is  hoped 
that  this  work  will  encourage  such  a theoretical  development 


APPENDIX  A 


DETERMINATION  OF  THE  DIAPHRAGM  SPRING  CONSTANT 

The  diaphragm  spring  constant  a in  the  equation 
AV  = otAP^^  (equation  3.2)  was  determined  by  two  independ- 
ent methods  which  yielded  results  consistent  to  within  1 
percent.  The  first  method  was  to  simply  use  the  zero-field 
values  of  T(dP/dT)^  = AQ/AV  measured  by  Halperin  (1975a) 
and  our  own  measured  values  of  AQ/AP^  to  determine  a from 
the  relation  AQ/AV  = a ^AQ/AP^.  Nine  separate  determina- 
tions were  made  in  the  interval  10-20  mK  resulting  in  the 
value  a = -5. 77±. 03x1 0"^  cm^/MPa. 

The  second  method  made  use  of  the  liquid  ^He  molar 
volume  v-|  as  a function  of  melting  pressure  determined  by 
Scribner  et  £[.  (1969).  With  the  ^He  pressure  P^  in  the 

cell  set  just  below  the  ^He  solidification  pressure  (about 
2 

2.5  MPa),  a He  sample  with  a molar  volume  of  about  25.7 

3 

cm  /mole  was  formed.  This  sample  was  cooled  until  it  left 
the  melting  curve  (entered  the  all-liquid  phase)  at  about 
30  mK.  The  exact  values  of  P^  and  P^  at  which  the  sample 
left  the  melting  curve  were  recorded.  The  ^He  pressure 
was  then  decreased,  thus  increasing  the  volume  of  the  ^He 
chamber  and  the  molar  volume  of  the  sample.  Heat  was  ap- 
plied to  the  cell  causing  the  sample  to  warm  back  onto  the 
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melting  curve.  The  cell  was  then  cooled  slowly  and  the  new 

values  of  and  at  which  the  sample  left  the  melting 

curve  were  recorded.  This  process  was  repeated  several 

3 

times  until  the  He  pressure  had  been  decreased  to  near  the 
melting  curve  minimum.  A plot  was  then  made  of  liquid  molar 
volume  v^(P2)  versus  P^^  ~ ^3  " ^4-  result  was  a 

straight  line  with  a slope  Av^/AP^^.  The  spring  constant 
was  determined  from  the  relation  a = AV/AP34  = nAv-j/AP^^, 
where  n is  the  number  of  moles  in  the  sample  (determined 
from  the  liquid  molar  volume  and  the  volume  of  the  cell). 

While  most  of  the  AQ/AP^  data  were  taken  during  a 
continuous  experimental  run,  the  data  for  the  determination 
of  a by  this  second  method  were  taken  on  a subsequent  run, 
after  the  cell  had  been  warmed  to  room  temperature,  and 
yielded  a = -5 . 97±. 1 0x1  O' ^ cm^/MPa.  Although  this  value 
is  3.6  percent  higher  than  that  determined  by  the  first 
method,  several  measurements  of  AQ/AP^  were  made  during  this 
second  run,  and  these  too  were  higher  than  those  from  the 
previous  run  by  about  4 percent.  Thus  it  appears  that  the 
spring  constant  changed  slightly  due  to  the  thermal  cycling, 
and  the  two  values  are  consistent  to  within  1 percent. 

This  second  method  of  determining  a also  served  as 
a check  on  the  validity  of  equation  (3.2).  The  fact  that 
the  plot  of  v-|(P3)  versus  P^^  yields  a straight  line  indi- 
cates that,  to  within  the  precision  of  the  measurements. 


87 


there  were  no 
the  fact  that 


nonlinear  effects.  This  is  substantiated  by 
no  dependence  of  the  measured  values  of 


AQ/AP^  on  P3^ 


was  observed. 


APPENDIX  B 


HEAT  LEAK  MEASUREMENTS 

As  discussed  in  Chapter  IV  it  was  necessary  to  meas- 
ure the  heat  leak  into  the  cell.  This  was  accomplished 
by  making  use  of  the  general  expression  for  the  time  rate 

3 

of  change  of  He  pressure 

P3  = (Q  - )/C^  , (B. 1 ) 

where  Q is  the  total  heat  input  rate,  equal  to  the  heat 
leak  plus  any  applied  heat  rate  Q . and  C.  is  the  total 

a u 

heat  capacity  of  the  sample.  The  molar  latent  heat  1 is 
si mply 

1 = Av(AQ/AV)  , (B.2) 

where  Av  is  the  liquid-solid  molar  volume  difference  at 
melting.  The  rate  of  change  of  the  number  of  moles  of  liq- 
uid in  the  cell,  n-|,  is  given  by 

"1  " , (B.3) 

where  V-j  and  are  the  volumes  of  liquid  and  solid  in  the 
cell,  respectively,  and  k^  and  k^  are  the  liquid  and  solid 
compressibilities,  respectively.  This  expression  was  sim- 
plified by  the  approximation  (V^k^  + V^k^)  = Vk-j  = constant. 
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where  V and  represent  the  cell  volume  and  liquid  compres- 
sibility, respectively,  for  the  pressure  at  which  the  sample 
left  the  melting  curve.  If  one  then  measures  and  P.  just 
before  and  after  (indicated  by  superscripts  o and  1,  respec- 
tively) applying  an  external  heating  rate  Q^,  the  equations 
for  P^  and  P^  may  be  solved  to  yield  the  heat  leak 


Qq  = [PaQa  + - P3nJ)]/(P3  - P^)  . (B.4) 


The  P values  were  determined  from  the  slopes  of  the  chart 
recorder  pressure  versus  time  traces.  The  accuracy  of  the 
heat  leak  obtained  by  this  method  was  about  10  percent. 


APPENDIX  C 


TABULATION  OF  DATA  AND  RESULTS 

The  smoothed  raw  data  in  the  form  AQ/AV  versus  pres- 
sure are  tabulated  for  each  field  investigated  in  Table  1. 
Every  sixth  point  determined  from  the  "eyeball"  curves 
through  the  data  (see  Chapter  IV)  is  listed  except  near  the 
ordering  pressure  where  every  second  point  is  listed.  Also 
listed  are  the  calculated  values  of  the  melting  temperature, 
the  melting  curve  slope,  and  the  solid  entropy  at  each  pres- 
sure. The  pressure  scale  has  been  adjusted  to  yield  P.  = 

M 

3.43420  MPa  for  the  superfluid  A transition  of  liquid  ^He 
as  determined  by  Halperin  (1975a). 
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Table  1.  Digital  Data  and  Results 

B = 0.0  T 


p 

(MPa  ) 

AQ/AV 

(10^  erg/cm^) 

T 

(mK) 

(dP/dT)^ 

(kPa/mK) 

S/Rln2 

3.37967 

-64. 749 

16.528 

-3.918 

1 .0034 

3.38331 

-60.829 

15.473 

-3.931 

0 . 9994 

3.36795 

-56.985 

1 4 .424 

-3.951 

0 .9969 

3.39208 

-53.0,40 

1 3 .379 

-3. 96  5 

0.993 1 

3.39622 

-49.045 

12.337 

-3. 976 

0.9886 

3.40036 

-45. 050 

1 1 .298 

-3.987 

0 .9844 

3.40449 

-4  0. 980 

10  .262 

-3.994 

0 .9789 

3. 40663 

-36.859 

9.227 

-3.995 

0 . 972  3 

3.41277 

-32.663 

8.191 

-3.988 

0 .9638 

3.41690 

-23.  392 

7.150 

-3. 971 

0 . 9530 

3.42035 

-24. 824 

6 .279 

-3.953 

0 .9432 

3.42242 

-22.638 

5.755 

-3,934 

0.9352 

3.42449 

-20.452 

5.228 

-3.912 

0 . 926  7 

3 . 42655 

-13.291 

4.698 

-3.693 

0.9139 

3.42662 

-16.030 

4. 164 

-3.850 

0.9055 

3.43039 

-1 3.744 

3.622 

- 3 , 79  4 

0 .8892 

3.43221 

-1 2. C25 

3.220 

-3. 73  5 

0 .8730 

3.43262 

-1 1 .558 

3.109 

-3,713 

0. 3634 

3 .43304 

-11.085 

2.997 

-3.699 

0 .8633 

3. 43345 

-1 0.641 

2.335 

-3.689 

0.6602 

3.43386 

-10. 141 

2.772 

-3.658 

0 .8525 

3.43428 

-9.663 

2.659 

-3 .637 

0 .3468 

3.43469 

-9.198 

2 • 545 

-3.615 

0.341 1 

3.43510 

-8.734 

2.430 

-3,594 

0 .8357 

3.43552 

-8.249 

2.314 

-3.564 

0.8281 

3.43593 

-7.749 

2.198 

-3. 526 

0.8135 

3.43635 

-7.251 

2 .080 

-3.487 

0 .8038 

3.43676 

-6.  734 

1 .960 

-3,435 

0,7963 

3.43717 

-6.193 

1 .839 

-3.371 

0.7809 

3.43759 

-5.643 

1 .715 

-3. 29 1 

0 .761  a 

3.43600 

-5.  075 

1 .587 

-3.198 

0 . 7397 

3.43841 

-4.480 

1 .455 

-3.078 

0 .71  1 5 

3 .43683 

-3.912 

1.318 

-2,967 

0 .6853 

3.4391 0 

-3.553 

1 .224 

-2.902 

0.5697 

3.43931 

-3.291 

1 .153 

-2. 85  6 

0.0587 

3.43938 

-3.209 

1.128 

-2.  843 

0.6558 

3.43945 

-3.121 

1.104 

-2.826 

0 .5517 

3.43952 

-3. 015 

1 .0  30 

-2.793 

0 . c439 

3. 43959 

-2.872 

1 . 056 

-2. 723 

0.6278 

3.43966 

-2.588 

1 .029 

-2.51 6 

0.5805 

3.43972 

-0.704 

0.962 

-0.731 

0,1731 

3.43979 

-0.317 

0 . 830 

-0.381 

0 .0925 
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1 = 0.3  T 

Table  1 

(Conti nued ) 

P 

AQ/AV 

T 

(dP/dT) 

ITl 

S/Rln2 

(MPa) 

(10^  erq/cm'^) 

(mK) 

(kPa/mK) 

3.37967 

-64. 749 

16.528 

-3.918 

l .0034 

3.38381 

-60.829 

1 5.473 

-3.931 

0. 9994 

3.38795 

—56 .985 

1 4.424 

-3.951 

0 .9969 

3.39208 

-53. 0.40 

13  .379 

-3 . 96  5 

0 .9931 

3.39622 

-49. 045 

12.337 

-3,976 

0.9886 

3.40036 

-45.050 

1 1 .298 

-3,987 

0 .9844 

3.AC449 

-40.980 

1 0.262 

-3.994 

0 .9739 

3.4C863 

-36. 859 

9 .227 

-3. 995 

0 .9723 

3.41277 

-32. 663 

3.191- 

-3.988 

0 .9638 

3.41690 

-28.392 

7.1  51 

-3,97  1 

0.9530 

3.42035 

-24.849 

6.281 

-3.957 

0 .9439 

3.42242 

-22. 633 

5.756 

-3.933 

0.9350 

3.42449 

-20. 427 

5.229 

-3. 906 

0.9255 

3.42655 

-18.241 

4 .698 

-3.883 

0.9166 

3.42862 

-15.905 

4.161 

-3.822 

0 .6992 

3.43069 

-13.618 

3.617 

-3. 76  5 

0 .8826 

3.4322  1 

-1 1 .842 

3.21  0 

-3.689 

0 . e 62  5 

3.43262 

-1 1.364 

3.093 

-3.669 

0.3571 

3. 43304 

-1 0.899 

2 .985 

-3.652 

0 .8525 

3.43345 

-10.425 

2 .871 

-3. 63 1 

0 .8470 

3.43336 

-9.955 

2.757 

-3.61  1 

0.8417 

3.43423 

-9.482 

2 .642 

-3.590 

0 . 8360 

3.43469 

-9. 033 

2.526 

-3.576 

0.8320 

3.4351 C 

-8.543 

2.410 

-3,547 

0 .8247 

3 .43552 

-a. 065 

2 .293 

-3.517 

0.3172 

3.43593 

-7.583 

2.175 

-3,489 

0.8099 

3.43635 

-7.043 

2.056 

-3.426 

0.7949 

3.43676 

-6.543 

1 .934 

-3.383 

0.7841 

3.43717 

-6.010 

1.811 

-3.319 

0.7687 

3.43759 

-5.447 

1 .635 

-3.233 

0.7484 

3.43600 

-4.884 

1 .555 

-3. 141 

0.7266 

3.43841 

-4.296 

1 .421 

-3.024 

0 .6990 

3.43883 

-3.709 

1 .281 

-2. 395 

0 .6686 

3.43910 

-3.284 

1.184 

-2.  774 

0.6404 

3.43917 

-3.191 

1 .159. 

-2.754 

0 . 635  6 

3.43924 

-3. 098 

1.184 

-2.733 

0 . 6306 

3.43931 

-3.005 

1.108 

-2,711 

0 .6256 

3.43938 

-2.905 

1 .033 

-2.683 

0.6188 

3 . 43945 

-2.814 

1 . 057 

-2.  662 

0.6141 

3.43952 

—2.696 

1.031 

-2.61 5 

0 .603 1 

3.43959 

-2.513 

1 .004 

-2.503 

0 .5773 

3.43966 

- 1 . 508 

0.972 

-1 . 550 

C . 3599 

3.43972 

-0.389 

0 .365 

-0.450 

0.1084 
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Table  1 (Continued) 

a = 0.4  T 


p 

(MPa) 

AQ/AV 

(10^  erg/cm^) 

T 

( mK ) 

(dP/dT) 

m 

( kPa /mK ) 

S/R1 n2 

3. 37^67 

-64.749 

16.528 

-3.918 

1 .0034 

3.36381 

-60.829 

15  .473 

-3. 93  1 

0 .9994 

3.38795 

-56.985 

1 4,424 

-3.951 

0.9969 

3.3920B 

-53.040 

13.379 

-3.965 

0 .993 1 

3.39622 

-49.  C45 

1 2.337 

-3.976 

0 .9886 

3 .40036 

-45. 050 

11,298 

-3.987 

0.9844 

3.4C449 

-40,980 

10.262 

-3.994 

0 .9789 

3.4C863 

-36.859 

9.227 

-3.995 

0 .9723 

3.41277 

-32. 663 

8. 1 91 

-3.988 

0.9633 

3.^1690 

-28.392 

7 .151 

-3.971 

0.9530 

3.42035 

-24. 799 

6.231 

-3.949 

C .942 1 

3. 42242 

-22.538 

5.755 

-3.925 

0 .9333 

3.42449 

—20.352 

5.226 

-3. 895 

0 .922  a 

3.42655 

-1 3. 090 

4.692 

-3.  85  6 

0.910  4 

3.42662 

-15.829 

4.152 

-3,812 

0 « ^ 96  d 

3 .43059 

-13.513 

3 .605 

-3. 75  0 

0 .8790 

3.43221 

-11.721 

3.196 

— 3 . 66  8 

0 .8575 

3 . 43262 

-11. 244 

3 .0  83 

-3 , 64  8 

0 .252 1 

3 . 43334 

-1 0.759 

2.969 

-3. 62  4 

0.8460 

3.42345 

-1 0.276 

2.854 

-3.600 

0 .3393 

3.43336 

-9.786 

2.739 

-3.573 

0 .832  9 

3.43428 

-9.289 

2,623 

-3.542 

0.8249 

3.43469 

-8.789 

2 .306 

-3,508 

0.8165 

3.4351 C 

-8.284 

2 .387 

-3.471 

0.8  07  2 

3.43552 

-7.769 

2.267 

-3.427 

0.7965 

3.43593 

-7.256 

2.146 

-3.382 

0.7854 

3.43635 

-6.724 

2.022 

-3. 32  5 

0.7716 

3.43676 

-6.181 

1 .397 

-3.259 

0 .7557 

3.43717 

-5.628 

1 .763 

-3,183 

0 .7376 

3.43759 

-5. 060 

1 .636 

-3. 093 

0.7160 

3.43800 

-4.487 

1 .500 

-2.991 

C .6920 

3.43641 

-3.91 0 

1 .359 

-2.376 

0 ,6648 

3.43663 

-3.319 

1 .212 

-2.739 

0 . 6325 

3.43896 

-3.123 

1 .161 

-2.690 

0.6209 

3.43903 

-3.  C23 

1 .135 

-2. 663 

0.6146 

3.43910 

-2.925 

1.109 

-2.637 

0 .6035 

3.4391 7 

-2.824 

1 .0  33 

-2.603 

0 .601 3 

3. 43924 

-2.726 

i . 056 

-2.581 

0.5954 

3 .43931 

-2. 626 

1 .030 

-2. 55  0 

0 . 5833 

3.43933 

-2.523 

1 .002 

-2.522 

0.5816 

3.43945 

-2.417 

0.975 

-2.480 

0 .5718 

3.43952 

-2.31 7 

0 .947 

-2  .447 

0 . 5642 

3.43959 

-2.193 

0.918 

-2.  389 

0.5507 

3 .43966 

-0..  6 08 

0,869 

-0.700 

0 .1653 
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B = 0. 6 T 


Table  1 (Continued) 


P AQ/AV  T 

(MPa)  (lo'^  erg/cm^) (mK) 


(dP/dT) 

'm 

( kPa/mK) 


S/Rln2 


3.37967 

-64,749 

16.523 

-3.  91  8 

1 . 0034 

3.38381 

-60. 829 

15.473 

-3.931 

0 .9994 

3.36795 

-56.985 

1 4.424 

-3.951 

0 .9969 

3.39203 

-53.040 

13.379 

-3.  965 

0,993 1 

3.39622 

-49.045 

1 2 .337 

-3.976 

0.9886 

3.4C036 

-45. 050 

1 1 .298 

-3.937 

0,9844 

3.4  C449 

-4  0.980 

1 0 .262 

-3. 994 

0 .9789 

3.4C663 

-36,859 

9.227 

-3.995 

C .972  3 

3.4  1277 

-32.663 

8.191 

-3. 9&S 

0.9638 

3,41690 

-28.342 

7.149 

-3.  965 

0 . 551 6 

3. 42035 

-24.749 

6.277 

- 3 . 94  3 

0.9408 

3.42242 

-22.588 

5.752 

-3.927 

0 .9337 

3.42449 

-20.352 

5.223 

-3.397 

0.9232 

3.42655 

-18.116 

4.691 

-3.  862 

0.911 7 

3.42662 

-15.854 

4.153 

-3. 81  7 

0 .8980 

3.43069 

-13.518 

3.607 

-3, 74  6 

0 .8785 

3.4322 1 

- 1 1 .734 

3.193 

-3. 659 

0.8579 

3.43262 

-1  1.251 

3 .085 

-3.648 

0 . 8522 

3.43304 

-10.759 

2 .971 

-3.622 

0 .8455 

3.43345 

-10.271 

2.856 

-3.596 

0.8390 

3,43386 

-9.779 

2.741 

—3 . 5b  8 

0 .831 3 

3.43428 

-9.296 

2.624 

-3.  542 

0.8251 

3.43469 

-8.779 

2.507 

-3.502 

0 .8151 

3.4351 C 

-8.241 

2.383 

-3.451 

0 .3028 

3.43552 

-7.633 

2.267 

-3.389 

0.787  9 

3.43593 

-7,111 

2.144 

-3.317 

0.7706 

3.43635 

-6.533 

2.017 

-3,238 

0.7517 

3,43676 

-5.967 

1 .888 

-3, 16 1 

0 .7332 

3.43717 

-5.359 

1 .755 

-3.054 

0 .7031 

3.43759 

—4.744 

1.616 

-2.935 

0.6799 

3.43800 

-4.151 

1 .473 

-2.819 

0 .6525 

3,43841 

-3.535 

1 .322 

-2.674 

0.6184 

3,43869 

-3.070 

1-217 

-2. 524 

0 .5835 

3.43876 

-2.927 

1.139 

-2.462 

0.5692 

3,43883 

-2.764 

1.161 

-2.  33  1 

0.5507 

3.43890 

-2.518 

1.131 

-2.227 

0 .5152 

3,43896 

-2.010 

1 .097 

-1.832 

0.4250 

3.43903 

-1.307 

1 .051 

-1.243 

0.2905 

3.43910 

- 0 . 854 

0 .984 

— 0 . 86  8 

0 . 20  4 5 

3.4391 7 

- 0.  427 

0.880 

-0.486 

0 . 1166 
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3 = C.9  T 

Table  1 

(Continued) 

P 

AQ/AV 

T 

(dP/dT)^ 

m 

S/Rln2 

(MPa) 

(10^  erg/cm'^) 

(mK) 

( kPa/tnK) 

3.37967 

-64.749 

1 6 .528 

-3 . 91  a 

1 .0034 

3.36381 

-6  C.829 

1 5.473 

-3,931 

0,9994 

3.38795 

-56.985 

14.424 

-3.951 

0 .9969 

3.392C8 

-53. 040 

1 3.379 

-3 .96  5 

0 .9931 

3.39622 

-49. 045 

1 2. 337 

-3. 976 

0 .9836 

3.4CC36 

-45.050 

1 1 .298 

-3.987 

0.9844 

3.40469 

-4  0.930 

10.262 

-3.994 

0.9789 

3.40663 

-36. 859 

9.227 

-3.  995 

0 .9723 

3.41277 

-32. 663 

8.191 

-3.988 

0.9638 

3.41690 

-28, 367 

7.151 

-3. 967 

0.9521 

3.42035 

-24.824 

6.279 

-3.953 

0 .9432 

3.42242 

-22.613 

5.755 

-3.930 

0.9343 

3.42449 

-20.377 

5.227 

-3,  899 

0 . 9237 

3.42655 

-18.116 

4 .694 

-3.859 

0.9112 

3.42662 

-15.7^9 

4.154 

-3,799 

0 .8937 

3.43069 

-13,317 

3.603 

-3.696 

C .8667 

3 .43276 

-10.804 

3.033 

-3.552 

0 .8323 

3.43372 

-9.603 

2.760 

-3.482 

0.9122 

3.43414 

-9.065 

2.640 

-3,434 

0 .8005 

3.43455 

-8.530 

2.519 

-3.387 

0 .7890 

3.43497 

-7.962 

2.395 

-3,  324 

0.7738 

3.43533 

-7,387 

2 .270 

-3.255 

0.7571 

3.43579 

-6,804 

2.141 

-3.178 

0.7387 

3.43621 

-6.216 

2.010 

-3.093 

0 .7136 

3.43662 

-5.601 

1 .874 

-2.989 

0 .6940 

3.43703 

-4,970 

1.733 

-2. 369 

0.6655 

3.43745 

-4.234 

1 .584 

-2.704 

0 .6270 

3.43766 

-3.932 

1 .507 

-2. 61 0 

0 .6051 

3.43786 

-3.482 

.1.425 

-2.  443 

0 . 566  6 

3.43793 

-2.915 

1 .396 

-2 . 089 

0.4855 

3.43600 

-2. 035 

1 .357 

-1 .500 

0.351 1 

3.438C7 

-1.357 

1 .301 

-1 . 04  3 

0 .2465 

3.43814 

-1 . 005 

1 .225 

- 0 , 82  0 

0 . 1952 

3.43821 

—0.636 

1.128 

-0.608 

0.1462 

3.43828 

-0.402 

0.990 

-0.406 

0.0992 
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Table  1 (Continued) 

B = l .2  T 


P AQ/AV  T (dP/dT) 

'm 


(MPa) 

(10^  erq/cm^) 

(mK) 

' m 

(kPa/mK) 

S/Rln2 

3.37567 

-64.749 

1 6 . 526 

-3.918 

1 . 0034 

3.38381 

-60. 829 

1 5 .473 

- 3 . 93  1 

0 .9994 

3 .38795 

-56.985 

1 4 .424 

-3.951 

0 .9969 

3.392C8 

-53.040 

13.379. 

-3.965 

0.593  1 

3.35622 

-49. 045 

1 2 .337 

-3.976 

0 .9886 

3.40C36 

-45. C50 

1 1 .298 

-3.  937 

0.9844 

3.40449 

-40.580 

1 0.262 

-3.994 

0 .9789 

3.4C863 

-36.359 

9.227 

-3.955 

0 .972  3 

3.41277 

-32 . 663 

3.191 

-3.588 

0. 9638 

3.41690 

-23.367 

7 . 151 

-3. 96  7 

0.9521 

3.42035 

-24.658 

6.279 

-3.934 

0.9387 

3.42242 

-22.487 

5.752 

-3.910 

0 .9297 

3.42445 

-20.251 

5.221 

-3.379 

0.9192 

3. 42655 

-1 8. Cl  5 

4.685 

-3.  845 

0.9079 

3.42862 

-15.628 

4.142 

-3.773 

C .8878 

3.43069 

-13.241 

3.539 

-3.639 

C .865  1 

3.43221 

-11.440 

3.174 

-3.605 

0.8430 

3.43262 

-10.917 

3.058 

-3.570 

0.8  34  3 

3.43304 

-10.364 

2 .942 

-3.523 

0.8229 

3. 43345 

-9.799 

2.924 

-3.471 

0.3101 

3.43386 

-9.191 

2.703 

-3.400 

0.7932 

3.43428 

-8.543 

2.580 

-3.31 2 

0 .7722 

3.43465 

-7.842 

2.453 

-3. 197 

0.7453 

3.4:3510 

-7.106 

2 .321 

-3.  062 

0.7136 

3.43552 

-6.352 

2.182 

-2.911 

0 .6782 

3.43553 

-5.578 

2.036 

-2.740 

0 . 6382 

3. 43628 

-4.920 

1 .906 

-2.531 

0 .601 1 

3.43648 

-4.492 

1 .824 

-2.463 

0 .5737 

3.43665 

-3. 585 

1 .737 

-2.294 

0.5345 

3.43690 

-3.055 

1 .640 

-1 .688 

0.4413 

3.43657 

-2.613 

1 .600 

-1.633 

0 .3829 

3. 43703 

-2.098 

1 . 554 

-1.350 

0.3182 

3.43710 

-1.693 

1 .498 

-1  . 124 

0 .2662 

3.43717 

- 1.256 

1.429 

•-0.  879 

0.2099 

3.43724 

-0.774 

1 .334 

-0.580 

0.1412 

3. 43731 

-0.367 

1 . 1 73 

-0.313 

0.0791 

3.43733 

-0.151 

0.330 

-0.171 

0.0449 

APPENDIX  D 


PRESSURES  AND  TEMPERATURES  OF  THE  MAGNETIC  ORDERING 
OF  SOLID  -^He  AND  OF  THE  SUPERFLUID  TRANSITIONS  OF 
LIQUID  ^He  IN  MAGNETIC  FIELDS 

The  solid  ordering  pressure  P and  temperature  T 

5 s 

in  each  magnetic  field  investigated  in  this  work  are  tabu- 
lated in  Table  2.  The  pressures  are  referenced  to  that  of 
the  superfluid  A transition  of  liquid  ^He  in  zero  field, 

P^  = 3.43420  MPa.  The  table  also  lists  the  pressures  and 
temperatures  of  the  A-j  , A^,  and  B'  transitions  of  liquid 

3 

He  (see,  for  example,  the  review  by  Wheatley,  1975)  in 
each  magnetic  field. 

The  B'  transition  temperature  versus  field  is  shown 
in  Fig.  20  along  with  the  results  of  Osheroff  ^ (1972) 

at  lower  fields  [our  temperature  scale  was  used  to  obtain 
T(B)  from  their  values  of  Pg,(B)].  For  fields  other  than 
0,  0.3,  and  0.4  T the  temperatures  were  interpolated.  In 
the  present  work  it  has  been  possible  to  observe  the  A-to-B 
transition  in  fields  as  high  as  0.45  T — about  0.05  T higher 
than  has  been  reported  previously.  This  is  presumably  due 
to  some  aspect  of  our  cell  which  results  in  relatively  lit- 
tle supercooling,  but  the  exact  reason  for  this  effect  is 
not  well  understood. 
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It  has  been  suggested  by  Osheroff  and  Anderson 
(1974)  that  the  quantity  of  0.375  + 0.625  should 

be  a constant  (equal  to  in  zero  field)  independent  of 
field.  Since  the  temperature  shifts  involved  are  rela- 
tively small,  however,  the  precision  of  the  present  data 
is  not  sufficient  to  test  the  validity  of  this  prediction. 
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■"iQ-  20.  temperature  of  the  B-A  Transitlnn  nf  SunPrflin'H 
-3He  in  a Magnetic  Field.  The  solid  line  is 
from  the  transition  pressure  versus  field  re- 
ported by  Osheroff  ^ ( 1 972). 
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